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ABSTRACT

This study approached the conflict between energy and food needs by balancing the
allocation of land area devoted to food and feed with land area to grow biofuel feedstocks.
The selected optimization model was a tool that included a regional approach to determine
the optimum potential land area of Thailand to use in biofuel production without affecting
the supply of food and feed. The selected crops were sugarcane, cassava, and palm oil with
consideration of four geographic regions of Thailand, which were the Northern,
Northeastern, Central and Southern regions. The optimum cropland area and crop types in
each region were obtained based on the maximum energy production given the constraints.
The total optimum land area was 3.24 million hectare (ha) with 3,476 Peta Joules (PJ) of
maximum energy production, which were 61 and 39 percentage of the total available land
for the purpose of food energy and biofuel energy, respectively. The optimum cropland
area for biofuel energy, which was approximately 1.35 million ha, was for sugarcane for
bio-ethanol and palm oil for biodiesel with no area allocated for cassava. Of the 1.35
million ha, about 46 percent was allocated for sugarcane located in all regions, except the
Southern region, and 54 percent for palm oil located only in the Southern region. Moreover,
the energy production from crop residues of the selected crops was also estimated by using
a crop-to-residue ratio and higher heating value based on the optimum cropland area. The
total energy production from crop residue was 897 PJ.
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The potential of the optimized land area in terms of energy return was 342 Giga Joules
(GJ)/ha. Taking crop residue into account, the biofuel energy production per area was
increased to 998 GJ/ha, which was almost three times the energy production from the crop
feedstock alone.
In terms of the energy efficiency, Net Energy Ratio (NER) and Fossil Energy Ratio (FER)
of the potential area in hectare were studied and found that NER and FER of the production
of sugarcane ethanol and palm oil biodiesel were greater than 1 that indicated an energy gain.
Due to many uncertainties that affect energy production and land area allocation,
a sensitivity analysis showed that the land area for sugarcane and cassava in the Northern,
Central and Northeastern regions was sensitive to energy content. Only the land areas of
cassava in the Northeastern region were sensitive to the land area devoted to food and feed
consumption.
Based on the optimum cropland area, the amounts of biofuel production in liters of bioethanol and biodiesel were approximately 3,123 and 2,300 million liters, respectively.
These volumes were only about 76 and 45 percentage of the biofuel targets set by the Thai
government in 2036 for bio-ethanol and biodiesel, respectively. The optimization model
showed there was a gap between the optimized production of biofuel feedstock to achieve
the government’s targets. However, if crop residues of sugarcane, cassava and palm oil
were included, the volume of biofuel production would be 16,845 million liters for bioethanol, and 8,419 million liters for biodiesel, which would exceed the targets for bioethanol and biodiesel in 2036, which are 4,124 and 5,110 million liters, respectively.
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Moreover, the recommendations are that the Thai government support using crop residue
for biofuel, as well as technology research and economic support. The Thai government
should also support research to increase the productivity of biofuel crops and search for
other potential biofuel crops to grow while preventing food versus fuel conflicts.
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CHAPTER ONE
INTRODUCTION
Biofuel is a renewable energy source that has the potential to replace fossil fuels, especially
for the transportation sector (Ewing and Msangi, 2009). Due to environmental concern
about greenhouse gas emissions, the usage of biofuel, which is considered a clean energy
source, is tending to increase (Gheewala et al., 2013). In addition, biofuels provide many
benefits such as decreasing dependency on oil imports, encouraging development of the
rural economy especially for farmers, and increasing employment in the local community
(Silalertruksa et al., 2012). However, an increase in the use of biofuel has led to concern
about the competition between food and biofuel, which relates to cropland transformation
with both direct and indirect land use changes (Gnansounou, 2011).
Thailand is confronted with the issue of energy insecurity. Petroleum consumption has
increased in the past two decades. The daily petroleum consumption increased from
635,902 to 816,001 barrels per day from 1995 to 2017, but Thailand could produce only
141,248 barrels per day in 2017 or less than 20% of the demand (Figure 1.1) (Energy Policy
and Planning Office (EPPO), 2018). Most petroleum used in Thailand must be imported
from other countries for consumption, but also, for reserves to ensure energy security
(Salvatore and Damen, 2010). In 2017, the net import of crude oil was about 949,950
barrels per day (EPPO, 2018). Transportation is the major sector that needs oil with about
21% of total petroleum consumption (EPPO, 2018).
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Figure 1.1: Petroleum Consumption in Thailand
Biofuels have been introduced to Thailand as alternative energy sources for transportation
to mitigate the energy demand. From 2013 to 2017, the biofuel consumption in Thailand
increased from 2.60 to 3.94 million liter per day for bio-ethanol and from 2.90 to 3.82
million liter per day for biodiesel, respectively (Figure 1.2) (Department of Alternative
Energy Development and Efficiency (DEDE), 2017). The Thai government has developed
policies to promote the use of biofuel energy. The Alternative Energy Development Plan 20152036 has been initiated and sets targets for bio-ethanol and biodiesel production in 2036 at
11.3 and 14.0 million liters per day, respectively (DEDE, 2017).

The total biofuel

production targeted for 2036 would be the equivalent of about 20% of the 2017 Thai
consumption of petroleum.
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Figure 1.2: Biofuel Consumption in Thailand

The potential biofuel crops in Thailand that are currently cultivated are sugarcane and
cassava for bio-ethanol and palm oil for biodiesel (Salvatore and Damen, 2010). These
plants have mainly served as food, for both human and animals. Thus, the government’s
promotion of biofuel use may affect land use that might otherwise be used to produce food,
which could lead to shortages, which in turn can require that food be imported.
Thailand is an agricultural country, with about 51 million hectares or 23.85 percent of its
total area under cultivation (Salvatore and Damen, 2010). As biofuel land demand
increases, issues regarding the appropriate allocation of land for food versus biofuel will
arise. Moreover, in terms of an economic benefit, biofuel crops offer an opportunity for
farmers to increase their income. Economic incentives can encourage farmers to change
their planting objective from food crops to biofuel crops (Salvatore and Damen, 2010).
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Therefore, the competition between food and biofuel in terms of cropland area is inevitable.
Transforming cropland from food to biofuel use is a major policy challenge because of the
potential impact on food supplies (Salvatore and Damen, 2010).
Another policy challenge is environmental degradation due to land use change that can
accompany biofuel crops. Silalertruksa et al. (2009) studied the effects on greenhouse gas
(GHG) emissions, which is just one of the possible environmental issues, due to land use
changes in cultivating cassava. They found through prospective Life Cycle Assessment
(LCA) that the policy that could promote biofuels with the least GHG emissions was
displacing sugarcane cropland with cassava and improving productivity of sugarcane to
replace the amount displaced. Other environmental issues include eutrophication of water
bodies, loss of biodiversity, and increased use of water for irrigation. However, the main
focus of this dissertation is the allocation of land for food versus biofuels.
The optimum use of cropland for biofuel crops is important information in order for policy
makers to allocate area for biofuels to promote sustainability. My study had as its main
objective to determine the efficient energy allocation of land in food crop production versus
biofuel production in Thailand subject to maintaining minimum crop production to meet
human consumption needs in each of four geographic regions in Thailand. In addition, the
study included an analysis of the regional variation that biofuel policies have on production
agriculture in Thailand. The selected crop types were sugarcane, cassava, and palm oil with
consideration of the four main regions of Thailand - the Northern, Northeastern, Central
and Southern regions.
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The efficient allocation of land for food crop production versus biofuel production in
Thailand was calculated by using a mathematical model. The results included both national
and regional findings in terms of the energy return to land use. Natural resources were
considered in the optimization. In addition, outcomes from the model were compared to
the existing data, for example, evaluating each cropland allocation from the model in light
of the existing crop area, biofuel production, and food energy respective to existing demand.
Finally, an effective policy recommendation for biofuels was proposed based on
the optimization results. The policy recommendation considered which areas of Thailand
should be promoted for biofuel production over food production with attention to whether
there is enough agricultural land to serve biofuel production without disrupting food
production.
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CHAPTER TWO
LITERATURE REVIEW

Biofuels are potential alternative energy sources as they are considered environmentally
friendly fuels that produce less greenhouse gas (GHG) emissions (Hafizan and Zainura,
2013). Hattori and Morita (2010) presented the percent of GHG reduction by using bioethanol produced from various biofuel crops such as maize, wheat, sugarcane and sugar
beet instead of gasoline as 12-18, 49, 85-90, and 40 percentage, respectively. Bessou et al.
(2011) indicated that first-generation biofuels have an emission reduction of 20 – 60
percent of CO2 equivalents dependent on the biofuel feedstock, conversion process, and
the location of the crop production compared to fossil fuels.
In terms of the economics, although the cost of producing biofuel is higher than that of
gasoline, the overall cost-benefit ratio of biofuel utilization is still better (Skye, 2015).
Jaeger and Egelkraut (2011) studied the cost-benefit of biofuel including its benefit in
reducing fossil fuel and greenhouse gas emission. They found that biofuel crops were much
less cost-effective than two alternative policies such as raising the gas tax and promoting
energy efficiency improvement in terms of reducing both greenhouse gas emissions and
fossil fuel use.
There are several other environmental issues with biofuels that should be considered. Based
on the need of biofuel for feedstock and economic benefit, Mohr and Raman (2013) found
that farming patterns were changed to monoculture for biofuel feedstock. Consequently,
the farmers had to use fertilizers and pesticides to increase their yields. The transformation
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to monoculture has resulted in negative impacts on the environment such as land degradation,
eutrophication of water bodies (Elobeid et al., 2013) and biodiversity loss (Stromberg et al.,
2010). Stromberg et al. (2010) found that monoculture systems caused habitat loss, introduced
alien and invasive species and changed the composition of species in the planting area.
Increasing biofuel production in tropical areas has resulted in the decline of tropical forest and
wetland areas. For example, Koh and Wilcove (2008) found that 55-59% of the expansion of
the plantation areas used for palm oil in Malaysia and 56% in Indonesia replaced primary
and secondary tropical forest.
Beyond the environmental degradation, the demand for resources, especially water, is
a challenge for growing biofuel crops (Gheewala et al., 2013). Moreover, since many
biofuel feedstocks are from crops that also serve as food, the competition between food
and fuel in terms of cropland area is inevitable (Ajanovic, 2011). The conflict may have an
impact on food shortages and also food prices (FAO, 2008).
When considering the biofuel types, most biofuels are from crops known as first generation
biofuels that are produced by conversion of sugar and starch with fermentation process for
bio-ethanol or a process of condensation (called transesterification) in the case of biodiesel
(Naik et al., 2010). In Thailand currently, the main biofuel crops are sugarcane, cassava,
and palm oil. Unfortunately, they all serve as food sources for people and/or livestock
(International Energy Agency, 2010). Food and fuel competition are likely to occur from
promoting these first-generation biofuels. Therefore, second generation biofuels that use
non-food biomass as the feedstock has potential for biofuel production (Naik et al., 2010).
Biomass is a traditional energy source that is from non-plantation resources; nonprofit
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farming, such as lignocellulosic biomass or woody crops; agricultural residues; or waste
(Demirbaş, 2001).
Thailand has copious agricultural residues and by-products that have potential for biofuel
production (Kumar et al. 2013). Kumar et al. (2013) estimated the potential availability of
agricultural residues in Thailand from eight major crops including corn, rice, sorghum,
sugarcane, wheat, cocoa, coconut and coffee (Table 2.1). In 2010, about 50 million dry
tonnes (metric tons) of agricultural residues were produced from corn, rice and sugarcane,
which are approximately 98% of all agricultural residues (Kumar et al., 2013). The
National Science Technology and Innovation Policy Office (STI) (2013) reported that in
2013, the potential of biomass in Thailand was approximately 16,813 kilotonne of oil
equivalent (ktoe) (or 703,927 GJ) which included crop residues, biogas, and biofuel. About
55 percent was devoted to energy production from crop residue or approximately 9,232
ktoe (or 386,525 GJ) (STI, 2013).

Table 2.1: The Potential Availability of Agricultural Residues in Thailand in 2010
Agricultural residues

Residue Types

Corn
Rice
Sugarcane
Sorghum
Wheat
Cocoa
Coconut
Coffee

Stalk
Straw
Bagasse
Stalk
Straw
Pods, Husk
Shell
Husk

Residue (dry million
tones/year)
5.68
40.30
5.16
0.12
0.00112
0.000649
0.701
0.0874

Source: Kumar et al., 2013
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To alleviate the problem of competition between food and fuel in terms of cropland area,
agricultural residues are sources of potential biomass that can be converted to bio-ethanol
(Nwosu-Obieogu et al., 2016). These by-products provide the benefit of biofuel production
without having additional land under cultivation (Karekezi et al., 2004). However, using
crop residues as feedstock must include consideration of several factors such as production
cost, transportation, storage, refining (Hadar, 2013) and the status of the current technology
(Lynd et al., 2017).
Considering the currently available crop residues or by-products in Thailand, sugarcane is
likely to provide more potential for biofuel than others. After crushing to obtain sugarcane
juice, the remaining material or bagasse is crop residue and molasses is a by-product. Given
these characteristics, sugarcane has an advantage over other crops because the use of its byproduct and residues do not require costly techniques or transportation (Hadar, 2013).
Given the many benefits and problems of biofuel, it challenges decision-makers to manage
biofuel production for sustainability. Optimization modeling is a potential tool that can be
used to determine the optimal use of resources to achieve a policy objective. Optimization
models consist of a set of choice variables (activities); an objective function, which is the
purpose of the model that is either to be minimized or maximized; and a set of constraints
that bound the optimal solution. In the optimum solution, the activity levels are selected to
maximize the objective function subject to the constraint set (Sterman, 1988). Many
researchers have used optimization models to address biofuel production including the
opportunity cost of the resource use tradeoffs from private, social, and environmental
perspectives. Papapostolou et al. (2011) used a mixed integer linear programming model
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to maximize the total value added that is produced by the biofuel supply chain under a set
of realistic constraints regarding biofuel demand, land availability, per hectare production
capacity, and water use. Havlik et al. (2011) studied global issues concerning land use
competition between the major land-based production sectors. They used the Global
Biomass Optimization Model (GLOBIOM), which is a global recursive dynamic partial
equilibrium model that links the agricultural, bioenergy and forestry sectors response under
different economic incentives created by alternative energy policies. Cobuloglu and
Büyüktahtakın (2015) studied the competition between food and biofuel cultivation of
switchgrass and corn in Kansas by using a multi-objective mixed-integer optimization
model. The optimal land allocations were found by maximizing total economic and
environmental benefit. The model results showed that cropland for switchgrass offered
more economic return than corn with the Conservation Research Program (CRP)
(Cobuloglu and Büyüktahtakın, 2015). CRP is a US government program that provides an
economic benefit with a subsidy to support biofuel production; however, this program has
been applied only to switchgrass production. Specifically, for Thailand, Ubolsook (2010)
formulated a dynamic general equilibrium optimal control model of crop-based energy
production focusing on cassava. Her model efficiently allocated production to the most
valuable consumption that contributed to achieving the country’s sustainable development
goal in terms of energy security, food security, job creation, agriculture, environment and
natural resource, health, and agro-industrial development. Ubolsook’s (2010) results
provided useful information for decision-makers to devise an economic plan that focuses
on biofuel production planning with appropriate biofuel feedstock for future availability.
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Wianwiwat and Asafu-Adjaye (2013) investigated whether biofuel promotion in Thailand
led to energy self-sufficiency and security with a computable general equilibrium model
with optimizing cost (or profit) and a utility function. The results showed that in the shortrun, the price of biofuel and its raw material increased rapidly, while there was only a slight
increase in the price over the long-run, because of more elastic supplies (Wianwiwat and
Asafu-Adjaye, 2013).
In summary, an optimization model can be applied in any field of study such as economics,
social problems, industrial issues, etc. Multiple factors can be included in order to solve
complex problems. The possible solution will be determined under the constraint set and
existing resources. However, many factors and a good deal of data are needed for creating
the equation model to efficiently obtain results from the optimization model. Also, the
model needs all factors quantified with sufficient input data to make the solution more
reliable. The implementation of the resulting decision is a delicate task because it must take
into account the complexities of human relations and behaviors.
Other than using an optimization model, there are other approaches that have been applied
to biofuel decision-making research. Silalertruksa and Gheewala (2009) studied the
environmental sustainability of bio-ethanol production in Thailand. They assessed the
energy efficiency and renewability of bio-ethanol and classifications of the important
environmental risks by using net energy balance and LCA methods. Their results showed
that the overall process of bio-ethanol from cassava and molasses can lead to either a gain
or loss compared to fossil energy because of the inevitable dependence on many factors
such as the types of fuel used in the ethanol conversion process, the technology used in the
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conversion, energy conservation practices, etc. (Silalertruksa and Gheewala, 2009). In
addition, Silalertruksa and Gheewala (2012) studied the net energy balance using LCA
approaches to assess the environmental sustainability of palm oil biodiesel production in
Thailand. The results demonstrated that biodiesel production had more energy gains when
compared to fossil energy, while its environmental impact was lower than those of
conventionally produced diesel fuels. Moreover, their research also demonstrated that
energy and environmental performances rely on many factors such as the management
efficiency of the palm oil plantation and possible land-use change in the future
(Silalertruksa and Gheewala, 2012). Silalertruksa et al. (2009) studied the environmental
impacts of Thai bio-ethanol policy targets on land use and greenhouse gas emissions
(GHG) by using LCA. These targets increased the demand of cassava that consequently
affect land use change and GHG implication. Increasing the productivity of cassava was a
way to maximize benefits for the compromises between food and fuel, which was better
than expanding of the planting area that had more negative impact in increasing GHG
emissions (Silalertruksa et al., 2009). Also, the effect of land use changes on the soil carbon
stock was an important factor in the overall GHG emissions of biofuel (Silalertruksa et al.,
2009). Gheewala et al. (2013) studied the impact on water use and water deprivation due
to the bio-ethanol policy in Thailand through an analysis of the water footprint. They found
the water footprint of bio-ethanol was between 1,396 and 3,105 liter water per liter ethanol,
while cassava ethanol had the highest water footprint at 2,582 liter water per liter ethanol
on average. In addition, Gheewala et al. (2013) found that approximately 1,625 million
cubic meters of irrigation water per year were needed to meet the policy target of bio-
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ethanol for Thailand. In another project, Silalertruksa and Gheewala (2011) studied
environmental and socio-economic impacts of bio-ethanol production to assess effects such
as greenhouse gas (GHG) emissions, employment, and economic effects in Thailand. They
used LCA and input-output (IO) analysis to determine that the ranges of GHG emissions
depended on the production environment, especially direct changes in land-use. GHG
emissions for cassava and molasses ranged between 27 – 91 and 28 – 100 g CO2-eq per MJ
ethanol, respectively. In terms of the socio-economic effects, bio-ethanol production
needed about 17-20 times more workers than gasoline to produce the same amount of final
energy and more than 90% of the total employment was as agricultural workers.
Most of the researchers who have focused on biofuel production in Thailand have applied
the concepts of LCA and energy balance analysis. LCA is a powerful tool to analyze the
impact of all processes for biofuel production. The analysis can be used for many kinds of
output especially environment impacts. In addition, some researchers have worked to link
the effect of biofuel production with government policy and the availability of resources
such as cropland availability, water resources, labor etc. However, few have focused LCA,
energy balance analysis or optimization modeling on the conflict between production of
feed and food versus biofuel.
Since land use change has been found to be the major impact related to biofuel production
in every region of the world, an optimal land allocation is needed for apportioning cropland
area for biofuel crops without conflicting with other land use objectives, especially food
production. Based on the advantages and disadvantages of the optimization models
reviewed in the previous section, an optimization model with linear programming was
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applied to determine the optimal cropland allocation in Thailand for this study. In addition,
the optimization approach can determine the compromises involved in biofuel production
with the limitations of the natural resources and other issues regarding biofuel production.
In this dissertation, optimization modeling was used to discover an optimal solution based
on the constraints of resources supporting land allocation in Thailand.
From previous research, several researchers selected the optimization concept as a methodology
to solve the problem of food vs. biofuel in terms of land use in countries other than
Thailand. For example, Cobuloglu and Buyuktahtakin (2015) used an optimization model
to determine the cropland allocations to food and energy crops for switchgrass and corn in
Kansas by maximizing total economic and environmental benefit. Su (2015) analyzed land
allocation between energy crops and grain crop including corn, soybean and switchgrass
in Iowa. The optimization model by maximizing the profit was applied to determine the
optimal cropland area. The croplands devoted to various activities such as crop types, crop
purpose, agricultural practice, technology application etc. were identified based on related
factors. My optimization modeling approach simulated the optimal cropland area for
decision-making within defined constraints. The potential land use activities, model
parameters and resource/policy constraints shaped each optimal response.
However, this study had some differences from the previously reviewed studies. In my
study, the model included spatial control that maximized energy return to land devoted to
the crop (composed of the composite biofuel and food). In addition, since regional
production decisions are influenced by energy yield in combination with government
biofuel policy and resource supply constraints, a regional approach was integrated in the
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model, which has not been done before for Thailand. In each region, resource supplies had
to be carefully balanced against the supply availability in other regions to maximize net
energy return.
At this time, there are few studies about cropland allocation for biofuel that included
a regional approach, especially in Thailand. Moreover, cropland allocation in terms of
energy return that also considered the energy from crop residues in Thailand has rarely
been studied. To achieve the research objective, an optimization model that integrated a
regional approach was selected as an effective method to accomplish the goals of the study.
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CHAPTER THREE
METHODS AND DATA
This research was conducted at the national level of Thailand to determine the appropriate
proportion of biofuel cropland area without conflicting with food production in order to
maximize the energy obtained from both food and biofuel. An optimization approach with
linear programming was used to examine the problem. The approach required an objective
function and constraints to calculate the optimum results. The energy production to be
maximized was represented as the objective function, while the limitations based on
cropland area were constraints. The proportion of land area of the three identified biofuel
crops (sugarcane, cassava, and palm oil) in four different regions of Thailand (Northern,
Northeastern, Central, and Southern) was determined in order to maximize the energy
production for both food and fuel. The constraint selected was to ensure adequate cropland
area for food for human and livestock consumption. The constraints were determined by
the amount of the available agricultural land, the amount of land needed to provide
adequate food supplies, and cropland suitability. The decision variables (or unknowns)
were the amount of land area that was dedicated to biofuel crops. The study framework is
shown in Figure 3.1.
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Policy Recommendation

•
•

Each cropland allocation compared to existing crop area
Biofuel and food energy respective to existing demand and
policy target in the future plan

•
•

Optimal cropland
allocation

Optimization
model

By crop in country
By crop by region

Objective function: - Maximizing energy
return to land
Constraints:

•
•

Crops (3 crop types)
Region (4 regions)

Activities

•
•
•

Cropland area available
Food energy need
Land suitability

Figure 3.1: Study Framework for Optimizing Biofuel and Food Energy for Thailand

3.1 The Boundary Condition of the Study
3.1.1 Scope Area
The total area of Thailand is 51.32 million ha with about half of the area in agricultural
production (OAE, 2017). The rest is forest and non-agricultural areas. The agricultural
area, which is 23.88 million ha, consists of residential areas, paddy land, upland field crops,
fruits, fruit trees and perennial crops, vegetable and ornamental crops, pasture land, fallow
land, and miscellaneous land (OAE, 2017). My research focused on land currently
allocated to upland field crops, which is the land area most suitable for the three identified
biofuel crops, and fallow land. The combined land area comprised 24 percent of
agricultural land area, which was about 5.86 million ha (Table 3.1). One of the major
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assumptions of the optimization modeling was that this combined area was the land where
biofuels are likely to be produced.
Table 3.1: Agricultural Land Area of Thailand in 2010
Farm holding land
Residential area

Area (ha)

Percentage

594,655

2

11,464,469

47

Upland field crop

5,615,360

23

Fruit tree and perennial crop

5,539,375

23

Vegetable and ornamental crop

243,646

1

Pasture land

159,974

1

Fallow land

252,391

1

Miscellaneous land

437,798

2

24,307,667

100

Paddy land

Total
Source: OAE, 2011

3.1.2 Crop Types
In Thailand, there are food crops that have potential uses as biofuels, such as rice, corn,
sugarcane, cassava, palm oil, coconut, soybean, and sunflower (USAID, 2009).
Considering the feasibility for biofuel in terms of energy yield and economic return, the
crops that are most likely to be used for biofuel production in Thailand are sugarcane,
cassava and palm oil (Kumar et al., 2013). These three crops provide both a high energy
yield and economic return. The food and feed use of these three crops were most likely to
be impacted by future biofuel production (Office of Agricultural Economics, 2013).
Processing of the three crops and their residues were considered generally in the analysis;
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however, it should be noted that cellulosic processing plants that are necessary for
transformation of crop residues were not specifically included in the scope of the study.
3.1.3 Regions
Thailand is divided into 77 administrative provinces. In this study, the 77 provinces were
grouped into four regions as defined by the Thai Office of Agricultural Economics (OAE,
2013). The grouping was applied because it provided a convenient means to aggregate the
provinces into relatively homogenous agricultural regions: Northern, Northeastern,
Central, and Southern. Within each region, agricultural productivity, climatic conditions
and geographic characteristics are similar.
The Northern region is dominated by mountain ranges and river valleys. The region has
a tropical climate which is cooler in winter than the other regions. Soils in the area are wellsuited for agriculture. The Northeastern region consists mainly of a plateau. The region
has a long dry season and a short monsoon rainy season. Soils are mainly sandy alkaline
soils. Due to limited rainfall, crop types growing in this region is limited to drought
resistant plants or may need irrigation. The Central region is a large basin with the Chao
Phraya River and its tributaries. The climate is tropical. Alluvial soil is the major soil type,
which is suitable for agriculture. The Southern region is a peninsula between the Gulf of
Thailand and Andaman Sea. There are steep coastlines in the western part of the region,
whereas the eastern part has river plains. The region has heavy rainfall and rain forest
conditions. Figure 3.2 illustrates the four major regions of Thailand.

19

Figure 3.2: Map of Thailand Divided into the Four Regions
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Due to land suitability, geography, and weather, ten specific activities, which combine one
of the three focus crops and a region, were selected as representatives in the model of
Thailand’s cropping pattern (Table 3.2). The main source of data to define the activities
was a report by the Thai Office of Agricultural Economics (OAE, 2018) with agricultural
statistics of Thailand, which included the cropland area for food crops and oil crops which
were used for cooking oils and also biofuel. In the case of sugarcane and cassava, the data
about their planted areas covered all regions except the Southern region, due to the
appropriate geography and weather in the other regions. While palm oil can grow in all
regions, it has the highest productivity in the Southern region (OAE, 2018). The production
yield of each selected crop differed in term of geography and weather which resulted in the
crop productivity differing by region.
Table 3.2: Activities in the Model
Activities

Crop types

Region

1

Sugarcane

Northern

2

Sugarcane

Northeastern

3

Sugarcane

Central

4

Cassava

Northern

5

Cassava

Northeastern

6

Cassava

Central

7

Palm oil

Northern

8

Palm oil

Northeastern

9

Palm oil

Central

10

Palm oil

Southern
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3.2 Equation Model
Linear programming was applied to determine the cropland allocation for biofuel and
human consumption. The maximum energy returns to agricultural land were determined
subject to a set of cropland limitations that included cropland suitability, cropland area
dedicated to food consumption, and the limitations of agricultural land area as defined
above (upland field crops and fallow land). The optimal response of cropland allocation
was determined by energy content based on the constraints. Thus, outcomes for regional
production decisions were influenced by energy return in combination with resource supply
constraints. Resource supplies in each region had to be carefully balanced against the
supply availability in other regions to maximize national net energy return.
The selected optimization model consisted of the decision, or choice, variables; a linear
objective function; and linear constraints as shown in equation (3.1). The optimum solution
value for the decision variables was the set of values that maximized the objective function.
In this case, the optimal land allocation was calculated to maximize the energy return to
the land allocated for biofuel production versus that for food or feed consumption. Feed
for livestock that would be used for food production was also considered in the land area
reserved for human consumption. For the objective function, energy return to land was
maximized when the energy return for all crop activities reached the maximum.
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Max Z = ∑(Eijk × Aijk)

(3.1)

Where i = 1, 2, 3 (1 = Sugarcane, 2 = Cassava, 3 = Palm oil)
j = 1, 2, 3, 4 (1=Northern region, 2 = Northeastern region, 3 = Central region,
4 = Southern region)
k = 1, 2 (1 = Cultivated land, 2 = Fallow land)
Z = Energy return to land (GJ)
Eijk = Total energy content, including residue (GJ/ha) for each crop i in each region
j in each cropland type k.
Aijk = Planted area (ha) for each crop i in each region j in each cropland type k
Subject to
∑Aijk ≤ the total amount of agricultural land available for selected crop and total fallow
land (ha)
∑A1jk ≥ the cropland area needed for sugarcane to provide adequate food supply (ha)
∑A2jk ≥ the cropland area needed for cassava to provide adequate food supply (ha)
∑A3jk ≥ the cropland area needed for palm oil to provide adequate food supply (ha)
∑A11k ≤ the suitable land area for sugarcane in cultivated and fallow land in the
Northern region (ha)
∑A12k ≤ the suitable land area for sugarcane in cultivated and fallow land in the
Northeastern region (ha)
∑A13k ≤ the suitable land area for sugarcane in cultivated and fallow land in the Central
region (ha)
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∑A21k ≤ the suitable land area for cassava in cultivated and fallow land in the Northern
region (ha)
∑A22k ≤ the suitable land area for cassava in cultivated and fallow land in the
Northeastern region (ha)
∑A23k ≤ the suitable land area for cassava in cultivated and fallow land in the Central
region (ha)
∑A31k ≤ the suitable land area for palm oil in cultivated and fallow land in the Northern
region (ha)
∑A32k ≤ the suitable land area for palm oil in cultivated and fallow land in the
Northeastern region (ha)
∑A33k ≤ the suitable land area for palm oil in cultivated and fallow land in the Central
region (ha)
∑A34k ≤ the suitable land area for palm oil in cultivated and fallow land in the Southern
region (ha)
∑Aij1 ≤ total cultivated land (ha)
∑Aij2 ≤ total fallow land (ha)
∑Ai11 ≤ the greatest area for a crop in cultivated land in the Northern region (ha)
∑Ai12 ≤ the greatest area for a crop in fallow land in the Northern region (ha)
∑Ai21 ≤ the greatest area for a crop in cultivated land in the Northeastern region (ha)
∑Ai22 ≤ the greatest area for a crop in fallow land in the Northeastern region (ha)
∑Ai31 ≤ the greatest area for a crop in cultivated land in the Central region (ha)
∑Ai32 ≤ the greatest area for a crop in fallow land in the Central region (ha)
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∑Ai41 ≤ the greatest area for a crop in cultivated land in the Southern region (ha)
∑Ai42 ≤ the greatest area for a crop in fallow land in the Southern region (ha)
∑A1jk ≤ the overall potential land area for sugarcane in each region (ha)
∑A2jk ≤ the overall potential land area for cassava in each region (ha)
∑A3jk ≤ the overall potential land area for palm oil in each region (ha)
3.3 Data
The relevant data sets for the model included energy content, agricultural land area, land
suitability, and cropland area for food and feed consumption. The details are as follows.
3.3.1 Energy Content
The energy content (GJ/ha) of each crop including crop residue was calculated by
multiplying the higher heating value (HHV)(MJ/kg) by crop yield (kg/ha). The higher
heating value (HHV) or gross energy is the total amount of energy in joules that can be
obtained by combusting a specified amount of materials; the HHV includes the latent heat
of vaporization of liquid water that may be contained in the materials (Demirbas, 2007). A
three-year (2014-2016) average of crop yield was used to calculate the energy content,
because of the uncertainty of crop yield due to weather and other factors. The data about
crop yield and HHV for each of the crops and the sources of the data are shown in Appendix
A and B, respectively. The sugarcane and cassava feedstock included the overall
aboveground part which covers all harvested and residue that can be used in bioenergy
production. For palm oil, the feedstock is the fruit, which includes the mesocarp, endocarp,
and kernel. In my study, since the crop yield was different depending on the region, the
energy content of each region by crop are shown in Table 3.3. In terms of area under
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cultivation and fallow land, the energy contents in each crop type were the same value in
each region. These data were used in equation (3.2) shown in topic 3.6, which explains the
details of the linear programming equations.
Table 3.3: Energy Content with Residue by Crop by Region
Crops
Sugarcane

Cassava

Palm oil

Region

Energy Content with residue
(GJ/ha) by crop by region

North
Northeast
Central
South
North
Northeast
Central
South
North
Northeast
Central
South

1,296
1,262
1,261
600
597
579
252
331
622
766

Source: Miller, 2010; Silalertruka and Gheewala, 2012

3.3.2 Total Agricultural Land Area
The total amount of agricultural land available (ha) as a three-year average of the period of
2014-2016 was the combination of all selected cropland including sugarcane, cassava, and
palm oil and fallow land area, which was 5,039,576 ha. The details are shown in Table 3.4.
These data were used in equation (3.3) in topic 3.6.
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Table 3.4: Agricultural Land Area of Selected Crop by Region (average of 2014-2016)
Agricultural land area (ha)

Region

Sugarcane

Cassava

Palm oil

Fallow land

Total

North

399,946

326,097

11,966

234,024

972,033

Northeast

672,784

766,112

19,578

607,940

2,066,413

Central

437,984

380,356

77,838

282,612

1,178,790

South

-

-

675,002

147,338

822,340

Total

1,510,714

1,472,565

784,384

1,271,913

5,039,576

Source: OAE, 2014-2016

3.3.3 Cropland Area for Food and Feed Consumption
Based on food balance data from 2011-2013 reported by the Food and Agricultural
Organization of the United Nations (FAO, 2017), the consumption of sugarcane, cassava,
and palm oil for Thailand was identified. These data were placed in five categories that
included consumption due to food, feed, processing, loss, and other utility. The definition of
all five categories of consumption are shown in Table 3.5.
Table 3.5: The Definition of Five Categories of Consumption
Categories

Definition

Food

The amount of commodity for human food

Feed

The amount of commodity for feeding to livestock and poultry

Processing

The amount of commodity put to manufacture for food use

Losses

The amount of commodity lost as waste during processing

Other uses

The amount of commodity used for non-food purposes, e.g. oil for soap

Source: FAO, 2011
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In Thailand, the amount of sugarcane, cassava and palm oil for consumption as a three-year
average of the period of 2011 – 2013 was approximately 98,149,000; 7,375,000; and 1,453,000
tonnes (FAO, 2017). The details are in Table 3.6.
Table 3.6: The Consumption of the Selected Crop in Thailand (average of 2011-2013)
Crop type

Average Consumption (1,000 tonne) in Thailand (2011 – 2013)
Food

Feed

Processing

Loss

Other Utility

Total

Sugarcane

3,501

-

93,667

982

-

98,149

Cassava

870

1,640

-

1,366

3,498

7,375

Palm oil

185

-

-

-

1,268

1,453

Source: FAO, 2017

The consumption of the selected crops was converted into the area needed for food and feed
consumption, based on the crop production per area. The cropland areas, which must be
conserved for food and feed consumption, were 1,449,541; 333,664; and 80,975 ha for
sugarcane, cassava, and palm oil, respectively. The results of the conversion are shown in
Table 3.7. These data were used in equations (3.4), (3.5) and (3.6) in topic 3.6.
Table 3.7: Area Needed for Food and Feed Consumption

Crop

Total human and
livestock consumption
(tonne)

Average
crop yield
(tonne/ha)

Area Need for Food
and Feed Consumption
(ha)

Sugarcane

98,149,000

68

1,449,541

Cassava

7,374,667

22

333,664

Palm oil

1,453,333

18

80,975

Source: FAO, 2011-2013
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3.3.4 Total Potential Land Area
The potential agricultural land area, defined as the area in which food or biofuel crops can
be grown, was classified as two land use types, cultivated land and fallow land.
The cultivated land and fallow land areas were 3,767,663 and 1,271,913 ha, respectively
(Table 3.6).
The region was another main factor in cropland allocations; therefore, all crop types in this
study can be grown in all four regions, except the Southern region where sugarcane and
cassava cannot be cultivated (OAE, 2018). The details are shown in Table 3.8. These data were
used in equations (3.7) and (3.8) in topic 3.6.
Table 3.8: The Availability of Harvesting Including Cultivated Land and Fallow Land
Region

Cultivated land (ha)

Fallow land

Sugarcane

Cassava

Palm oil

Northern

399,946

326,097

11,966

234,024

Northeastern

672,784

766,112

19,578

607,940

Central

437,984

380,356

77,838

282,612

Southern

-

-

675,002

147,338

1,510,714

1,472,565

784,384

Total

3,767,663

1,271,913

Source: OAE, 2014-2016

Since some selected crops can be grown in the same area or same region, cropland area in
some regions has the potential for more than one crop type. OAE (2016) described in
the Agricultural Statistics of Thailand 2017 report that sugarcane and cassava have the
potential to be planted in three of the regions, the Northern, Northeastern and Central
regions. Palm oil can also be planted in all regions of Thailand. However, the potential land
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area as defined above may generate differences in crop productivity, due to the variation
of climate and geography among the regions.
For the potential cropland area by crop types (sugarcane, cassava, and palm oil), OAE
(2016) reported the potential cropland of selected crops. The details for each crop type by
region are as follows. Potential cropland areas for cultivation of sugarcane in the Northern,
Northeastern and Central regions are 495,008; 1,118,171; and 580,232 ha, respectively, as
seen in the equations (3.9), (3.10) and (3.11). Potential cropland areas for cassava in the
Northern, Northeastern and Central regions are 456,748; 1,301,165; and 536,792 ha,
respectively, as seen in the equations (3.12), (3.14) and (3.14). Potential cropland areas for
palm oil in the Northern, Northeastern, Central and Southern regions are 11,966; 19,578;
214,679; and 809,235 ha, respectively, as seen in equations (3.15), (3.16), (3.17) and (3.18).
The potential cropland area (cultivated land and fallow land) in each region was estimated
by the current area allocated for the selected crops in Thailand, based on data from
OAE (2016) that reported existing cultivated land area and land suitability. For potential
fallow land, a different approach was used because there is no data about the potential for
the selected crops on fallow land in Thailand. However, the total area of fallow land in
each region was available. So, the potential fallow land was distributed among the selected
crops by estimating the proportion of land suitable for each crop and the total land area in
each region with data from Ministry of Agriculture and cooperatives (2013). The details
are in Table 3.9.
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Table 3.9: Percentage of Potential Land Area by Crop in Fallow Land
Percentage of Potential Land Area in Fallow Land

Crop type

Northern

Northeastern

Central

Southern

Sugarcane

41

73

50

-

Cassava

56

88

55

-

Palm oil

-

-

48

91

Source: Ministry of Agriculture and Cooperatives, 2013

For example, in order to estimate the area of fallow land that could grow sugarcane in
the Northern region, the total fallow land area in the Northern region which was
234,024 ha (Table 3.8) was calculated using the percentage of 41 that is the portion of
potential fallow land area for sugarcane in this region. So, the potential land area
availability for sugarcane in the Northern region was 95,062 ha. In the same way,
the potential fallow land area for cassava in the Northern region can be calculated by
the portion of potential land area for cassava (56 percent). The potential fallow land area
availability for cassava in Northern region was 130,651 ha. Then, the fallow land area in
Northeastern, Central, and Southern regions in each selected crop were calculated in
the same way. The details are shown in Table 3.10. Based on the climate and soil type in
the Northern and Northeastern regions which are not suitable for growing palm oil,
there is no data about the area for palm oil in fallow land. However, another possible
approach to allocating the fallow land could be based on the market demand of crop
production for the three crops, but there was a limited amount of data specific to Thailand
that fit these criteria.
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To determine the amount of land needed to grow food that was used as the constraint for
the optimization modeling, the following approach was used. The values for the potential
land areas devoted to food crops were derived according to the greatest numerical area
within each region as reported by OAE (2018) (Table 3.8) that was currently devoted to
the three crops. The assumption was that the current crops were used only for food and
feed consumption and not for biofuels. For example, the chosen values of the Northern
region for cultivated land and fallow land were 399,946 and 130,651 ha, respectively, as
seen in Table 3.8 and equations (3.19) and (3.20). Similarly, in the Northeastern region,
the chosen values for cultivated land and fallow land were 766,112 and 535,053 ha,
respectively, as seen in equations (3.21) and (3.22). In the Central region, the chosen values
for cultivated land and fallow land were 437,984 and 156,435 ha, respectively, as seen in
equations (3.23) and (3.24). In the Southern region, the chosen values for cultivated land
and fallow land are 675,002 and 134,233 ha, respectively, as seen in equations (3.25) and
(3.26). The details are shown in Table 3.10. These values were used as the constraint
function.
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Table 3.10: Potential Land Area for Each Crop by Region and Land Use Types
Region

Crops

Potential cultivated
Land (ha)

Fallow Land
(ha)

National Potential
Area (ha)

Northern

Sugarcane

399,946

95,062

495,008

Cassava

326,097

130,651

456,748

Palm oil

11,966

-

11,966

399,946

130,651

Sugarcane

672,784

445,387

1,118,171

Cassava

766,112

535,053

1,301,165

Palm oil

19,578

-

19,578

766,112

535,053

Sugarcane

437,984

142,248

580,232

Cassava

380,356

156,435

536,792

Palm oil

77,838

136,842

214,679

437,984

156,435

Sugarcane

-

-

-

Cassava

-

-

-

Palm oil

675,002

134,233

809,235

Limitation Area in Southern
(the greatest area of all selected crops)

675,002

134,233

Total

3,767,663

1,271,913

Limitation Area in Northern
(the greatest area of all selected crops)
Northeastern

Limitation Area in Northeastern
(the greatest area of all selected crops)
Central

Limitation Area in Central
(the greatest area of all selected crops)
Southern

Overall, the total potential cropland areas determined for sugarcane, cassava, and palm oil
were 2,193,411; 2,294,705; and 1,055,458, ha, respectively. The total area included both
the areas for upland field crops and fallow land for the entire country of Thailand. The
details are shown in Table 3.11. These data were used in equations (3.27), (3.28) and (3.29)
in topic 3.6.
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Table 3.11: Total Potential Land Area for Each Crop
Crop

Potential Area (ha)

Sugarcane

2,193,411

Cassava

2,294,705

Palm oil

1,055,458

3.4 Energy Analysis
Energy efficiency and renewability were estimated in order to identify the energy
performance of biofuel production. Energy input and output of bio-ethanol and biodiesel
production were used to calculate the Net Energy Ratio (NER) for energy efficiency
assessment (Onabanjo and Lorenzo, 2015) and the Fossil Energy Ratio (FER) for
renewability assessment (Pradhan et al., 2009). NER is the portion of net energy outputs
and net energy input from designated energy sources, while FER is the portion of net
energy output and net fossil energy inputs.
Energy inputs used in this study were obtained from the research of Silalertruka (2010).
For Thailand, Silalertruka (2010) reported the energy input of biofuel production from
sugarcane, cassava and palm oil, which were identified by LCA. The energy output was
obtained from the model outcomes from this study. The values of NER and FER were
categorized into either energy gain if the value was greater than 1 or energy loss if the value
was less than 1.
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3.5 Sensitivity Analysis
A sensitivity analysis was used to evaluate potential uncertainties of the model. The value
of selected parameters in the model were changed in order to determine if the outcomes
changed dramatically, thus indicating sensitivity to particular data inputs. The process
provided insight into a potential relationship between the selected parameter and the results
of the model (Saltelli et al., 2008; Breierova and Choudhari, 2001). In this research, the
sensitivity of the objective function to the variation of energy content and the amount of
area for food and feed in the constraint function were evaluated.
3.5.1 Objective Function Sensitivity Analysis
Naturally, the uncertainty of crop yield depends on many factors such as weather, soil
quality, water resource, agricultural practice etc. which will affect the energy content. The
energy content in this model was derived from the average of three years crop yield (2014
– 2016). Then, the maximum and minimum of the energy content were used in sensitivity
analysis. The highest amount of crop yield in the period of 2014 – 2016 from OAE (2016)
was set as the maximum crop yield, while lowest amount of crop yield from the same
period was set as minimum value (Table 3.12). Then those maximum and minimum value
were calculated for the maximum and minimum energy content as shown in Table 3.13.
For this sensitivity analysis, all other parameters were fixed at their original value, while
the energy content was set at a maximum or minimum. The energy content values that were
used in the analysis are shown in Table 3.13.

35

Table 3.12: The Crop Yield at Minimum, Average, and Maximum for the Selected Crops
Crops

Region

Min
64
63
61
18
18
19
3
2
5
9

Northern
Northeastern
Central
Southern
Northern
Northeastern
Central
Southern
Northern
Northeastern
Central
Southern

Sugarcane

Cassava

Palm oil

Crop Yield (tonne/ha)
Average
68
66
66
22
22
22
6
8
15
19

Max
74
71
75
24
26
27
14
13
20
20

Source: OAE, 2016

Table 3.13: The Energy Content with Residue at Minimum, Average, and Maximum for
the Selected Crops
Crops

Sugarcane

Cassava

Palm oil

Region

Energy Content with residue (GJ/ha) by crop by region
Min

Average

Max

Northern

1,212

1,296

1,402

Northeastern

1,196

1,262

1,353

Central

1,157

1,261

1,430

Southern

-

-

-

Northern

477

600

651

Northeastern

482

597

685

Central

519

579

728

Southern

-

-

-

Northern

108

252

589

Northeastern

100

331

475

Central

194

622

826

Southern

366

766

834
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3.5.2 Constraint Sensitivity Analysis
Since the cropland areas reserved for food can be changed depending on consumers’ needs,
cropland area reserved for food and feed consumption were selected as a constraint to
examine in a sensitivity analysis. Consumer demand is the main factor that affects the
cropland area devoted to consumption (FAO, 2009).
The variability of food and feed consumption were determined from the composition of the
expenditures by consumers at current market prices in Thailand. The composition of the
expenditures means the payment for consumption in goods and services of the resident
households (Office of the National and Social Development Council (NESDB),2019).
There are many expenditure of items in this database including food and non-alcoholic
beverage; alcoholic beverages, tobacco and narcotic; clothing and footwear; housing,
water, electricity, gas and other fuels; furnishings, households equipment and routine of
the house; health; transport; communication; recreation and culture; education; restaurants and
hotels; miscellaneous goods and services (Appendix C). This study only focused on the
expenditure of food that were used to imply the need of food consumption. An average
value for expenditures for food across ten years (2008-2017) that can be interpreted as food
consumption from all selected crops was determined as well as the lowest and highest
expenditure in this period (Appendix C). The maximum (increase) and minimum
(decrease) of food expenditures deviating from the average were calculated as percentages,
which were then used for the parameters in the sensitivity analysis. The minimum for the
food expenditures over ten years decreased by 21 percent from the average, while the
maximum increased by 16 percent from the average. The details are shown in Table 3.14.
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The decrease and increase were applied to imply the variability of cropland area for food
and feed consumption by converting from the amount of food consumption at the
maximum and minimum value. For example, in the case of sugarcane, there were
approximately 98.15 million tonne used for food and feed consumption. When applying
the percent of decrease and increase, the minimum amount of sugarcane was 77.54 million
tonne which was estimated by decreasing the amount of sugarcane for food consumption
by 21 percent, while the maximum amount was 113.85 million tonne which was estimated
by increasing the amount of sugarcane for food consumption by 16 percent. Similarly, the
amounts of cassava at the minimum and maximum were 5.83 and 8.56 million tonne,
respectively, and the amounts of palm oil at the minimum and maximum were 1.15 and
1.69 million tonne, respectively. The details are shown in Table 3.14

Table 3.14: The Food and Feed Consumption at Minimum, Average, and Maximum
(by 16 percent increase and 21percent decrease) for the Selected Crops
Crop type

Food and Feed Consumption (million tonne)
Min (21% decrease)

Average amount in
Thailand (2011 – 2013)*

Max (16% increase)

Sugarcane

77.54

98.15

113.85

Cassava

5.83

7.38

8.56

Palm oil

1.15

1.45

1.69

Source: *Ten-year average determined from NESDB (2019).
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Then, the amount of food and feed consumption was converted into the cropland area by
dividing by crop yield in each selected crop. The values for the cropland area devoted to
food that was varied to a maximum and minimum by crop types are shown in Table 3.15

Table 3.15: The Area Needed for Food and Feed Consumption at Minimum, Average,
and Maximum (by 21 percent decrease and 16 percent increase) for the
Selected Crops
Crop type

Area Need for Food and Feed Consumption (ha)
Minimum

Average

Maximum

Sugarcane

1,160,922

1,469,522

1,704,645

Cassava

263,594

333,664

387,050

Palm oil

63,970

80,975

93,931

In the same manner as the sensitivity analysis for the objective function, all other
parameters were fixed at their original value, while the cropland area for food and feed
consumption was set at the maximum and minimum.
3.6 Structure of Equation Model
Using equation (3.1) in Section 3.2, the data were entered into the model. The data included
energy content, total agricultural land area, cropland area reserved for food and feed
consumption, total potential land area, and production as detailed above. The structure of
the model with the data included was as follows.
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3.6.1 Objective Function
The objective function was the energy that was to be maximized from the combination of
energy from food and from biofuels. The data about energy content from the sources
described above in Table 3.3 are shown below (equation (3.2)) with the crop and region
identified as the coefficient of the decision variable (cropland area). For example, in
sugarcane, the energy contents are 1,296; 1,262 and 1,261 GJ/ha in the Northern,
Northeastern and Central regions, respectively. Similarly, cassava and palm oil were applied
in the same way.
Max Z = 1,296 A Sugarcane, North + 1,262 A Sugarcane, Northeast + 1,261 A Sugarcane, Central +
600 A Cassava, North + 597 A Cassava, Northeast + 579 A Cassava, Central + 252 A Palm Oil, North +
331 A Palm Oil, Northeast + 622 A Palm Oil, Central + 766 A Palm Oil, South

(3.2)

3.6.2 Constraints
There were three main constraints that were used in the optimization model: 1) total
cultivated land area including upland field crops (sugarcane, cassava and palm oil) and
fallow land, 2) cropland area for food and feed consumption and 3) total potential land area
(upland field crops for selected crops and fallow land), which are described below.
3.6.2.1 Total Agricultural Land Area
Total agricultural land areas were composed of the total current area harvested for all
selected edible biofuel crops and fallow land (Table 3.4). The total land area for the three
crops cannot be greater than the total agricultural land area, 5,039,576 ha, as shown in
equation (3.3).
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A Sugarcane, North + A Sugarcane, Northeast + A Sugarcane, Central + A Cassava, North +
A Cassava, Northeast + A Cassava, Central + A Palm Oil, North + A Palm Oil, Northeast +
A Palm Oil, Central + A Palm Oil, South ≤ 5,039,576

(3.3)

3.6.2.2 Cropland Area for Food and Feed Consumption
Cropland area for food and feed consumption was calculated by dividing the amount of
total food and feed consumption by the average crop yield for each crop as described in
Table 3.7. Land area for each crop must be greater than the land area devoted to food and
feed as shown in the following equations.
A Sugarcane, North + A Sugarcane, Northeast + A Sugarcane, Central ≥ 1,449,541

(3.4)

A Cassava, North + A Cassava, Northeast + A Cassava, Central ≥ 333,664

(3.5)

A Palm Oil, North + A Palm Oil, Northeast + A Palm Oil, Central + A Palm Oil, South ≥ 80,975

(3.6)

3.6.2.3 Potential Land Area
The potential land area was the total area in Thailand that can be devoted to the three
crops. The total area was placed in two categories: 1) currently cultivated land derived
from the upland field crop data and 2) fallow land (Tables 3.8).
3.6.2.3.1 Total Cultivated Land
A Sugarcane, north, cultivate + A Sugarcane, northeast, cultivate + A Sugarcane, central, cultivate +
A Sugarcane, south, cultivate + A Cassava, north, cultivate + A Cassava, northeast, cultivate +
A Cassava, central, cultivate + A Cassava, south, cultivate + A Palm oil, north, cultivate +
A Palm oil, northeast, cultivate+ A Palm oil, central, cultivate+ A Palm oil, south, cultivate ≤ 3,767,663
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(3.7)

3.6.2.3.2 Total Fallow Land
A Sugarcane, north, fallow + A Sugarcane, northeast, fallow + A Sugarcane, central, fallow + A Sugarcane, south, fallow +
A Cassava, north, fallow + A Cassava, northeast, fallow + A Cassava, central, fallow + A Cassava, south, fallow +
A Palm oil, north, fallow + A Palm oil, northeast, fallow + A Palm oil, central, fallow + A Palm oil, south, fallow
≤ 1,271,913

(3.8)

3.6.2.3.3 Potential Land area by Crop Type and Region
The potential land area for each crop in both cultivated land and fallow land was derived
from secondary data shown in Table 3.10 as determined by the following equations.
Sugarcane
A Sugarcane, north, cultivate + A Sugarcane, north, fallow ≤ 495,008

(3.9)

A Sugarcane, northeast, cultivate + A Sugarcane, northeast, fallow ≤ 1,118,171

(3.10)

A Sugarcane, central, cultivate + A Sugarcane, central, fallow ≤ 580,232

(3.11)

Cassava
A Cassava, north, cultivate + A Cassava, north, fallow ≤ 456,748

(3.12)

A Cassava, northeast, cultivate + A Cassava, northeast, fallow ≤ 1,301,165

(3.13)

A Cassava, central, cultivate + A Cassava, central, fallow ≤ 536,791

(3.14)
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Palm oil
A Palm oil, north, cultivate + A Palm oil, north, fallow ≤ 11,966

(3.15)

A Palm oil, northeast, cultivate + A Palm oil, northeast, fallow ≤ 19,578

(3.16)

A Palm oil, central, cultivate + A Palm oil, central, fallow ≤ 21,4679

(3.17)

A Palm oil, south, cultivate + A Palm oil, south, fallow ≤ 809,235

(3.18)

3.6.2.3.4 Potential Land Area by Region and Cropland Type
The harvested land areas that were considered in the scope of this research were composed
of two land use types, cultivated land and fallow land as described in Table 3.8. The total
area used for the selected crops must not be greater than the national harvested land area
in each land use type as shown in the following equations.
Northern region
A Sugarcane, north, cultivate + A Cassava, north, cultivate + A Palm oil, north, cultivate ≤ 399,946

(3.19)

A Sugarcane, north, fallow + A Cassava, north, fallow + A Palm oil, north, fallow ≤ 13,0651

(3.20)

Northeastern region
A Sugarcane, northeast, cultivate + A Cassava, northeast, cultivate + A Palm oil, northeast, cultivate ≤ 766,112

(3.21)

A Sugarcane, northeast, fallow + A Cassava, northeast, fallow + A Palm oil, northeast, fallow ≤ 535,053

(3.22)

Central region
A Sugarcane, central, cultivate + A Cassava, central, cultivate + A Palm oil, central, cultivate ≤ 437,984

(3.23)

A Sugarcane, central, fallow + A Cassava, central, fallow + A Palm oil, central, fallow ≤ 156,435

(3.24)
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Southern region
A Sugarcane, south, cultivated + A Cassava, south, cultivated + A Palm oil, south, cultivated ≤ 675,002

(3.25)

A Sugarcane, south, fallow + A Cassava, south, fallow + A Palm oil, south, fallow ≤ 134,233

(3.26)

3.6.2.3.5 Potential Land Area by Crop Type
The potential land area for each crop in overall was from secondary data shown in Table
3.11 and determined by the following equations.
A Sugarcane, North + A Sugarcane, Northeast + A Sugarcane, Central ≤ 2,193,411

(3.27)

A Cassava, North + A Cassava, Northeast + A Cassava,Central ≤ 2,294,705

(3.28)

A Palm Oil, North + A Palm Oil, Northeast + A Palm Oil, Central + A Palm Oil, South ≤ 1,055,458

(3.29)

3.7 Software
LINGO software version 17.0 developed by LINDO Systems, Inc., was used for solving
the optimization model described above. This software provides functions that were built
in an application and can be easily accessed by end-users. LINGO can solve both linear
and nonlinear programming. In terms of coding, simple modeling language and common
statements were used for the optimizing solution.
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CHAPTER FOUR
RESULTS AND DISCUSSION
An optimization model by linear programing was applied in this study to determine the
maximum energy return to land use for biofuel crops in Thailand, specifically sugarcane,
cassava and palm oil. The study found the maximum energy production that can be obtained
from the three biofuel crops within certain constraints. The outcomes from the model were
energy production based on the optimum land area for the selected crops with the constraints
of land available for the specified agriculture and fallow land, land suitability, and land area
reserved for food and feed supply. Also, sensitivity analyses were conducted to determine
how variation in the energy content and the cropland area for food and feed consumption
affected the results.
4.1 Maximum Energy Production and Optimum Cropland Allocation
4.1.1 Energy Production and Optimum Land Area from Biofuel Crops
The maximum energy production obtained from the model was 3,476 Peta joules (PJ) which
was derived from the optimum area for the three selected crops (sugarcane, cassava, and
palm oil) from the four regions of Thailand that totaled 3.24 million ha (Table 4.1). Sugarcane
had the largest optimum area, which was approximately 65 percent of the total optimum area,
providing 2,657 PJ, while palm oil and cassava used 25 and 10 percent of the total optimum
area, respectively. The optimum area of sugarcane and cassava was distributed among all
regions of the country except the Southern region, because based on the data, there was no
cropland area devoted to growing sugarcane and cassava in the Southern region, while the
optimum area of palm oil was only located in the Southern region (Figure 4.1). The area
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needed for food and feed production of the selected crops was not considered as a source for
biofuel energy production given the constraints of the model. The total area for biofuel
production was found to be 1.35 million ha, of which 0.728 million ha (54%) was allocated
for palm oil and 0.623 million ha (46%) for sugarcane. Based on the model results, there was
no land area allocated for growing cassava in support of the biofuel objective (Figure 4.3).
The total energy production by biofuels was 791 PJ and 558 PJ from sugarcane and palm oil,
respectively. Detailed modeling outcomes are shown in Table 4.1.
Table 4.1: Energy Production and Optimum Area from Food and Feed Consumption and
Biofuel Crop

Crop

Sugarcane

Cassava

Palm oil

Optimum
area
(Million ha)

Area for
food/feed
consumption
(Million ha)

Area for
biofuel
(Million
ha)

Energy
production
from food (PJ)

Energy
production
from biofuel
(PJ)

North

0.50

(0.35)

0.15

451

191

Northeast

1.02

(0.71)

0.30

902

382

Central

0.58

(0.41)

0.17

514

218

Total

2.09

1.47

0.62

1866

791

North

0.04

(0.04)

0

21

0

Northeast

0.28

(0.28)

0

169

0

Central

0.01

(0.01)

0

8

0

Total

0.33

0.33

0

199

0

North

0

(0)

0

0

0

Northeast

0

(0)

0

0

0

Central

0

(0)

0

0

0

South

0.81

0.08

0.73

62

558

Total

0.81

0.08

0.73

62

558

3.24

1.88

1.35

2,127

1,349

Region

Total all crops
Total Energy Production
(PJ)

3,476
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3%
28 %

49 %

24 %
Sugarcane
Northern region

85 %

100 %

12 %
Cassava

Palm oil

Northeastern region

Central region

Southern region

Figure 4.1: Optimum Area for Energy Production of the Selected Crops by Region
The maximum energy production of 3,476 PJ included energy production from crops
intended for food and feed consumption, and energy production from the crops intended
for biofuels. From the maximum energy production, the energy for food production can be
identified based on cropland area reserved for food and feed consumption that was the
constraint in this model by multiplying by energy content in each selected crop. Energy
production for biofuel was calculated by subtracting energy production for food
consumption from the maximum energy production. Also, energy production for biofuel
in each region was estimated by subtracting the energy production in each region with energy
production from food consumption in that region. When considering the area allocated by the
model for biofuel energy in terms of bio-ethanol, only sugarcane contributed a substantial
amount to the ethanol energy with 791 PJ with an area of 0.62 million ha (Table 4.1). The
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Northeastern region contributed the largest proportion of area for sugarcane with nearly
half at 0.30 million ha (48%), while the Northern region had the least with 0.15 million ha
(24%). The model allocated land for cassava only for food consumption. For biodiesel,
only the Southern region contributed to palm oil with 0.73 million ha, which accounted for
558 PJ in energy production as shown in Figure 4.2.

27 %

100 %

48 %

24 %
Sugarcane
Northern region

0%
Cassava
Northeastern region

Palm oil
Central region

Southern region

Figure 4.2: Percentage of Land Allocation for Biofuel Production by Selected Crops by
Regions

With respect to the production of biofuel energy based on the model results, sugarcane
and palm oil together produced 1,349 PJ with a total cropland area of 1.35 million ha,
which was approximately 42 percent of the total area for both food consumption and
biofuel as shown in Figures 4.3.
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For food and feed For biofuel
58%
42%

Sugarcane bio-ethanol
46%

Palm oil biodiesel
54%

Figure 4.3: Portion of Optimum Area for Biofuel and Food Energy
The portion of energy production for food and feed consumption was 61 percent and
biofuel production accounted for 39 percent. In terms of the energy production for biofuel,
ethanol and biodiesel accounted for 23 and 16 percent, respectively (Figure 4.4).

Energy for food
and feed
61%

Energy for
biofuel
39%

Ethanol
23%

Figure 4.4: Portion of Energy Production
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Biodiesel
16%

The data for cropland area for food and feed consumption that was used as the constraint were
based on the national land area because regional data were not available during the study
period. However, the area for food consumption by region was estimated as described in Table
4.1 by allocating the proportion of the optimum area in each selected crop by region. Since the
data were not exact for determining the land area devoted to food production in each region,
the model had limitations. To overcome the limitations in future studies, data with more
specific information about food consumption in each region should be identified or collected
to develop useful statistics in Thailand. These percent of agricultural allocation will differ
for other countries because the allocation depends on crop types and yield as well as the
policy target of each country.
The efficiency of energy production from biofuel crops for consumption cannot be
considered perfect. There are always energy losses during the process. To determine the
net energy production based on the modeling results, the energy conversion efficiency for
transportation, which were 0.38 and 0.29 for bio-ethanol and biodiesel, respectively, was
used (Pumkaew, 2010). The resulting net energy production of bio-ethanol (sugarcane) and
biodiesel (biodiesel) was approximately 301 and 162 PJ, respectively.
With respect to the energy yield per land area, sugarcane provided 483 GJ/ha for bioethanol, while palm oil provided 223 GJ/ha for biodiesel. Overall, the energy return from
biofuel crops to land use was 343 GJ/ha as can be seen in Table 4.2.
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Table 4.2: Energy Production per Area by Types of Biofuel
Type of
Biofuel

Energy
Production for
Biofuel (PJ)

Energy*
conversion
efficiency

Net energy
production
(PJ)

Cropland
area
(million ha)

Energy
production per
area (GJ/ha)

Bio-ethanol
(sugarcane)

791

0.38

301

0.623

483

Biodiesel
(Palm oil)

558

0.29

162

0.728

223

463

1.351

343

Overall
Source: * Pumkaew, 2010

In terms of energy yield per area, these results were consistent with a previous study by
Miller (2010) which found 435 GJ/ha for bio-ethanol from sugarcane (based on the crop
yield of 22.5 tonne/ha) and 333 GJ/ha for biodiesel from palm oil (based on the crop yield
of 20 tonne/ha). The energy yield per area depends on the crop yield; therefore, the energy
yield per area from sugarcane found in this study was higher than the value reported by
Miller (2010), because the crop yield based on Thailand data was 66 tonne/ha higher than
Miller (2010) which was based on a global average of 22.5 tonne/ha. In the case of palm
oil, the energy yield per area found in this study was lower than the value reported by Miller
(2010), because the crop yield of palm oil based on Thailand data was 18.5 tonne/ha lower
than Miller (2010) which was based on a global average of 20 tonne/ha.
In addition, Pumkaew (2010) determined a global maximum biofuel production potential
without conflict with food and feed consumption as the potential energy production per
area for bio-ethanol and biodiesel at 110 and 20 GJ/ha, respectively. In this study of
Thailand, the main feedstock of biofuel was limited to sugarcane for bio-ethanol and palm
oil for biodiesel, while at the global level, corn, sweet sorghum, sugarcane and non-edible
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crops for bio-ethanol and rapeseed for biodiesel were used as biofuel feedstocks by
Pumkaew (2010). Therefore, the results from the studies by Miller (2010) and Pumkaew
(2010) were expected to produce different results due to the energy yield per area used in
this study compared to the different kinds of feedstock and to the crop yields dedicated to
bio-ethanol and biodiesel in their studies as can be seen in Table 4.3.
Table 4.3: Comparing Energy Production per Area for Biofuel between the Calculation
in This Study and Other Studies
Studies

Study’s objective

Miller, 2010

Minimizing land use and
nitrogen intensity of
bioenergy

Pumkaew, 2010

Determining the global
maximum biofuel
production potential
without conflicting with
food and feed
consumption

Energy production
per area (GJ/ha)
Bio-ethanol: 435
(Sugarcane)
Biodiesel: 333
(Palm oil)
Bio-ethanol: 110
(Corn, sugar beet,
sugarcane, grasses)
Biodiesel: 20
(Rapeseed)

Energy production
per area (GJ/ha) in
this study
Bio-ethanol
(Sugarcane): 482
Biodiesel
(Palm oil): 222

In addition, potential land area including cultivated land and fallow land was one of the
main constraints in the model. In terms of potential cultivated land, these are the amounts
of the existing cultivated land for sugarcane, cassava and palm oil. However, another way
to determine the potential cultivated land is the consideration of land suitability. So, in this
study, the potential cultivated land based on the land suitability was also set as constraints
for Scenario 2. The constraints of potential cultivated land for Scenario 2 are shown in
Table 4.3.
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Table 4.4: Potential Land Area for each Crop by Region and Land Use Types for Scenario 2
Region

Crops

Potential cultivated
Land (ha)

Fallow Land
(ha)

National Potential
Area (ha)

Northern

Sugarcane

509,581

95,062

604,643

Cassava

522,205

130,651

652,856

Palm oil

-

-

522,205

130,651

Sugarcane

778,937

445,387

1,224,324

Cassava

779,054

535,053

1,314,107

Palm oil

-

-

779,054

779,054

Sugarcane

494,690

142,248

636,938

Cassava

554,610

156,435

711,045

Palm oil

1,229,349

136,842

1,366,191

Limitation Area in Northern
(the greatest area of all selected crops)
Northeastern

Limitation Area in Northeastern
(the greatest area of all selected crops)
Central

Limitation Area in Central
(the greatest area of all selected crops)
Southern

1,229,349

156,435

Sugarcane

-

-

-

Cassava

-

-

-

Palm oil

675,002

134,233

809,235

Limitation Area in Southern
(the greatest area of all selected crops)

675,002

134,233

Total

3,767,663

1,271,913

The results from Scenario 2 showed that the total optimum land area increased to 3.95
million ha with 4,052 PJ of the total energy production (Table 4.4) compared to 3.24
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million ha with 3,476 PJ of the total energy production in the original scenario (Table 4.1).
Also, the results from Scenario 2 had land allocated for cassava in the Northern and
Northeastern regions and for palm oil in the Central region. The original scenario (Scenario
1) resulted in no land allocated for cassava to be used for biofuel production and land for
palm oil was limited to the Southern region. Details of Scenario 2 results are shown in
Table 4.4.
Table 4.5: Energy Production and Optimum Area for Food and Feed Consumption and
Biofuel Production (Scenario 2)

Crop

Energy
Production from
food and feed
consumption
(PJ)

Energy
Production
from Biofuel
(PJ)

0.19

412

251

(0.77)

0.47

972

593

0.62

(0.38)

0.23

482

294

Total

2.37

1.47

0.90

1,865

1,139

North

0.14

(0.06)

0.08

37

48

Northeast

0.62

(0.27)

0.35

162

208

-

-

-

-

-

Total

0.76

0.33

0.43

199

256

North

-

-

-

-

-

Northeast

-

-

-

-

-

Central

0.23

(0.02)

0.21

14

128

South

0.59

(0.06)

0.53

45

406

Total

0.82

0.08

0.74

59

534

3.95

1.88

2.07

2,123

1,929

Optimum
Area
(Million ha)

Area for
food/feed
consumption
(Million ha)

0.51

(0.32)

1.24

Central

Region

Sugarcane North
Northeast

Cassava

Central

Palm oil

Total all crops
Total Energy Production

4,052 PJ

54

Area for
Biofuel
(Million
ha)

The results in the Scenario 2 were analyzed with respect to the energy yield per land area.
Therefore, in term of bio-ethanol, sugarcane and cassava provided 398 GJ/ha, while palm
oil provided 209 GJ/ha as can be seen in Table 4.5. The energy yield per area of bio-ethanol
from sugarcane and cassava found in Scenario 2 was lower than the value reported by
Miller (2010), but it was higher than the value reported by Pumkaew (2010). Similarly, in
the case of biodiesel, the energy yield per area from palm oil found in Scenario 2 was lower
than the value reported by Miller (2010), but it was higher than the value reported by
Pumkaew (2010). The reasons were the difference of crop type and crop yield that were
allocated in each area.
Table 4.6: Energy Production per Area by Types of Biofuel in Scenario 2
Type of
Biofuel

Energy
Production for
Biofuel (PJ)

Energy*
conversion
efficiency

Net energy
production
(PJ)

Cropland
area
(million ha)

Energy
production per
area (GJ/ha)

Bio-ethanol
(sugarcane
and cassava)

1,395

0.38

530

1.33

398

Biodiesel
(Palm oil)

534

0.29

155

0.74

209

685

2.07

331

Overall
Source: * Pumkaew, 2010

In summary, the total energy production from Scenario 2 of 4,052 PJ was more than in
Scenario 1 which was 3,476 PJ. Also, the optimum land area from Scenario 2 of 3.95 ha
was more than in Scenario 1 which was 3.24 million ha. Focusing on biofuel energy, energy
production of 1,929 PJ and area allocation of 2.07 million ha from Scenario 2 were more
than those in Scenario 1 which were 1,349 PJ of energy production with 1.35 million ha of
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the land area. However, the biofuel energy per area from both scenarios were relatively
close. The biofuel energy per area of Scenario 1 was greater than in Scenario 2 which were
343 and 331 PJ, respectively. The details are shown in Table 4.6.

Table 4.7: Comparison between Scenario 1 and Scenario 2
Total Energy
Production
(PJ)

Total Optimum
Area
(Million ha)

Area for
Biofuel
(Million ha)

Energy
Production from
Biofuel (PJ)

Biofuel Energy
per area
(GJ/ha)

Scenario 1

3,476

3.24

1.35

1,349

343

Scenario 2

4,052

3.95

2.07

1,929

331

In future studies, additional scenarios should be explored based on more refined data. For
example, data on food production could be collected at the regional or province level.
4.1.2 Energy Production from Crop Residues
Crop residues are by-products of the crop production system. Thailand is an agricultural
exporter. Garivait et al. (2013) showed that abundant of crop residues were produced in
Thailand such as rice husk and rice straw from rice paddies; bagasse, leaves and trashier
from sugarcane; corncob and stalk from corn; stalk and sludge cake from cassava; empty
fruit bunch, shell, and ﬁber from palm oil. Those can serve as an energy source as biomass.
However, only approximately 50% of all crop residues were used as biomass for energy in
Thailand according to Garivait et al. (2013).

56

Crop residue from sugarcane, cassava, and palm oil were studied in terms of energy
production. DEDE (2012) reported the crop-to- residue ratio and heating value of residue
for sugarcane, cassava, and palm oil. The details that pertain to this study are shown in
Table 4.5.
Table 4.8: Crop Residues and their Energy Content of the Target Crops

Crop

Sugarcane

Cassava

Palm oil

Moisture
(percent)

Crop residue

Crop-to-residue Ratio
(Tonne residue per
Tonne crop product)

Heating Value
(MJ/kg)

leaves and tops

0.17

15.48

9.20

bagasse

0.28

7.37

50.73

root

0.2

5.49

40

pulp

0.06

1.47

59.40

peel

0.28

1.49

59.40

trunk

1

7.54

48.40

leaves

1.41

1.76

78

empty fruit
bunch

0.32

7.24

fiber

0.19

11.4

38.5

shell

0.04

16.9

12

58.6

Source: DEDE, 2012

The optimum land area derived from the model can be used to estimate crop products by
multiplying it by crop yield per area. According to the Biomass Database Potential in
Thailand, DEDE (2012) presented a crop-to-residue ratio that can be used to estimate how
many tonne of crop residue based on tonne of crop production for various crop types. The
crop residues of sugarcane include leaves and tops, and bagasse, while cassava has residues
from root, pulp, and peel. For palm oil, the residues are trunk, leaves, empty fruit bunch,
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fiber and shell. The crop residue in each selected crop can be estimated by multiplying crop

production with the crop-to-residue ratio shown in Table 4.7. For example, in the case of
residue from sugarcane, crop-to-residue ratio for leaf and top, and bagasse were 0.17 and
0.28 tonne residue per tonne, respectively, of sugarcane product. Considering the total
sugarcane product in the Northern region which was 34 tonne, the amount of leaf and top
was 5.78 tonne, while the amount of bagasse was 9.52 tonne. Therefore, the total of crop
residue (leaf and top, and bagasse) for sugarcane was approximately 15 tonne as shown in
Table 4.8. Similarly, in sugarcane, cassava, and palm oil in each region, the amount of crop
residue was estimated. Overall, crop residues of sugarcane, cassava, and palm oil were 63,
4, and 45 tonne, respectively.
Then, energy production from crop residues were determined by multiplying the higher
heating value of crop residues. The results were that sugarcane produced the highest energy
yield from its crop residue, which, for all regions, was 657 PJ. The energy yields of
sugarcane residues in each region from high to low were Northeastern, Central and
Northern region, which were 317, 181, and 159 PJ., respectively. Energy yields of cassava
residues in each region from high to low were the Northeastern, Northern and Central
regions, which were 10.11, 1.27 and 0.49 PJ., respectively. In the case of palm oil, 228 PJ
were produced from its residue in only the Southern region. The details are shown in
Table 4.8.
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Table 4.9: Energy Production from Crop Residues of Target Crops
Total Area
(ha)

Total crop
products
(Million Tonne)

Crop residue from
conversion
(Million Tonne)

Energy Yield
(PJ)

495,008

34

15

159

1,017,278

68

30

317

580,232

39

17

181

Total

2,092,517

140

63

657

North

35,589

0.79

0.43

1.27

Northeast

283,888

6.30

3.40

10.11

Central

14,187

0.31

0.17

0.49

Total

333,664

7

4

12

South

809,235

15

45

228

Total

809,235

15

45

228

111

897

Crop

Region
North

Sugarcane

Northeast
Central

Cassava

Palm oil
Total

4.2 Energy Analysis for Energy Efficiency and Renewability
The results from the model and subsequent calculations should be placed in the context of
the net energy balance of bio-ethanol production from sugarcane and biodiesel production
from palm oil. The analysis focused on the evaluation of energy efficiency and
renewability.
The Net Energy Ratio (NER) was calculated to evaluate energy efficiency by determining
the proportion between net energy outputs and net energy inputs (net energy output (J/unit)/
net energy inputs (J/unit)). In terms of renewability, the Fossil Energy Ratio (FER) was
estimated by calculating the proportion between renewable fuel energy outputs and fossil
energy inputs (net energy output (J/unit)/ fossil energy inputs (J/unit)). The relationship of
NER and FER with the optimum land allocation was in terms of the energy return to land
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use (MJ/ha) as an energy input that was derived from the model. Future studies should
include energy production from crop residues, particularly consideration of the
technological innovations that are necessary to convert the cellulosic residues in a costeffective manner.
4.2.1 Energy Analysis for Sugarcane Bio-ethanol
The energy inputs were determined by LCA. The energy inputs in the case of sugarcane
bio-ethanol included four processes: 1) Sugarcane farming use such as fertilizers,
herbicide, diesel (farm machinery) and labor, 2) Sugar milling, 3) Ethanol conversion such
as steam and electricity, and 4) Transportation of sugarcane and molasses (Silalertruka,
2010). Note that energy inputs in terms of water or irrigation were not included in this
study, but are important and should be included in future work. Silalertruka, (2010) found
the net energy inputs of sugarcane ethanol production were 27,858 and 9,618 MJ per 1000
liter of sugarcane ethanol for the total energy and fossil energy, respectively. Based on the
cropland area, the net energy inputs can be converted into a unit of MJ/ha by using a
conversion factor for feedstock per area of 250 liter per tonne feedstock and crop
productivity of 66.79 tonne per ha of sugarcane crop (Silalertruka, 2010). Based on the
optimum land area allocation from my study, the net energy inputs of sugarcane ethanol
production were 465,159 and 160,597 MJ/ha for the total energy and fossil energy,
respectively, while the net energy output was the energy production from the model of
482,470 MJ/ha. The NER was 1.04 (slightly greater than 1) which indicated that the
sugarcane ethanol production has a net energy gain, and also the FER was 3.01 (greater
than 1) which indicated a net energy gain in terms of renewability. The details are shown
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in Table 4.9. The net energy value (output – inputs) for bio-ethanol from sugarcane was
17,311 MJ which represented approximately 3.72 percent in energy gain for total energy

input and for the fossil energy inputs the net energy value was 321,873 MJ, which is
approximately 201 percent in energy gain from inputs of fossil energy. When considering
the environmental impact, Silalertruka (2010) estimated the GHG emission of sugarcane
ethanol process by LCA which was 3,432 kg CO2 eq/ha.
However, if energy inputs due to water use or irrigation were included, the NER and FER
would tend to be lower than 1.04 and 3.01, respectively. Moreover, since NER and FER
were calculated for sugarcane bio-ethanol production from only crop feedstock, the ratios
would also likely differ if energy from crop residues were included.
Table 4.10: Energy Balance (MJ) for Production per Hectare Sugarcane Ethanol
Item
Energy Inputs*

Total energy
(MJ per ha)

Fossil energy
(MJ per ha)

465,159

160,597

• Sugarcane farming: fertilizers, herbicide, diesel
(farm machinery) and labor
• Sugar milling
• Ethanol conversion: steam & electricity
• Transport: sugarcane and molasses
Energy Output

482,470

Net Energy Value (NEV)

17,311 (3.72%)

321,873 (201%)

Net Energy Ratio (NER)

1.04

Fossil Energy Ratio (FER)

3.01

Source: *Silalertruka, 2009
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4.2.2 Energy Analysis for Palm Oil Biodiesel
The energy inputs in the case of palm oil biodiesel included five processes:
1) Oil palm plantation use such as seeds, fertilizers, herbicide, and diesel (farm machinery),
2) Fresh fruit bunches (FFB) transport (diesel), 3) Crude palm oil (CPO) production
(diesel), 4) CPO transport (diesel), and 5) Palm biodiesel conversion: electricity, methanol,
NaOH, and glycerol (Silalertruka, 2010). Silalertruka, (2010) determined that the net
energy inputs for palm oil biodiesel production were 16,171 and 15,819 MJ per 1000 liter
of palm oil biodiesel for the total energy and fossil energy, respectively. Based on the
cropland area, the net energy inputs can be converted into a unit of MJ/ha by using a
conversion factor for feedstock per area of 158 liter per tonne feedstock and crop
productivity of 18.58 tonne per ha of palm oil (Silalertruka, 2010). Based on the area
derived from the modeling results, the net energy inputs were converted to 47,472 and
46,439 MJ/ha for the total energy and fossil energy, respectively. The net energy output
from the model results was 222,280 MJ/ha. From the calculation, the NER was 4.68
(greater than 1) which indicated that producing palm oil biodiesel would have a net energy
gain. The FER was 4.79 (greater than 1) which would also be a net energy gain in terms of
renewability. The details are shown in Table 4.10. The net energy values (output – inputs)
were 174,808 MJ, which is approximately 368 percent in energy gain for total energy and
175,841 MJ, which is approximately 379 percent in energy gain for fossil energy. When
considering the environmental impact, Silalertruka (2010) estimated the GHG emission of
palm oil biodiesel process by LCA which was 3,894 kg CO2 eq/ha.
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However, if energy input due to water or irrigation was included, the NER and FER would
likely be lower than 4.68 and 4.79, respectively. Moreover, since the calculations are based
on the palm oil biodiesel production from only crop feedstock, the technology of
conversion from crop residue to biofuel was not included in the energy input.
Table 4.11: Energy Balance (MJ) for Production per Hectare Palm Oil Biodiesel
Item
Energy Input*

Total energy
(MJ per ha)

Fossil energy
(MJ per ha)

47,472

46,439

• Oil palm plantation: seeds, fertilizers,
herbicide, and diesel (farm machinery)
• FFB transport: diesel
• CPO production: diesel
• CPO transport: diesel
• Palm biodiesel conversion: electricity,
methanol, NaOH, and glycerol
Energy Output

222,280

Net Energy Value (NEV)

174,808 (368%)

175,841 (379%)

Net Energy Ratio (NER)

4.68

Fossil Energy Ratio (FER)

4.79

Source: *Silalertruka, 2012

4.2.3 Comparing NER and FER with other Research
NER and FER of the potential area (ha) determined from the model were greater than 1
which indicated an energy gain from both sugarcane ethanol and palm oil biodiesel.
Compared with other studies, in the case of sugarcane ethanol, Silalertruka (2010) studied
NER and FER in different scenarios of production based on a conventional production
process and designed operation of the existing production that had a higher efficiency
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because of more experience to operate the plants. The results showed a range of 0.88 -1.12
for NER, and a range of 2.48 – 3.21 for FER. Similarly, Hall et. al. (1986) reported a NER
of ethanol that was in the range of 0.7-1.8. With respect to palm oil biodiesel, Silalertruka
(2010) showed the NER and FER including co-products were 4.29 and 4.39, respectively.
In addition, Goering and Daughtery (1982) studied the energy accounting for seven
vegetable oil fuels which showed a NER with a range of 1.8 – 4.6 as can be seen in Table
4.11. With respect to the results in this study, NER and FER in both sugarcane ethanol and
palm were similar to NER and FER from the research of Silalertruka (2010), Hall et al.
(1986), and Goering and Daughtery (1982).
Overall, in the case of sugarcane, the NER was low at 1.04 (close to 1). When considering
the environmental impact, the GHG emission of sugarcane ethanol process was 3,432 kg
CO2 eq/ha (Silalertruka, 2010). For palm oil, the NER was high at 4.68, while the GHG
emission of palm oil biodiesel process was 3,894 kg CO2 eq/ha (Silalertruka, 2010). These
results imply that higher NER produce higher GHG emissions while the lower NER is
perhaps friendlier to the environment with lower GHG emissions. The decision-makers
need to manage tradeoffs between energy gain and environmental protection.
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Table 4.12: Comparing Net Energy Ratio (NER) and Fossil Energy Ratio (FER) for
This Study and Other Studies
Study’s objective

Net Energy Ratio
(NER)

Fossil Energy Ratio
(FER)

Silalertruka
(2010)

Environmental
sustainability of
biofuel in Thailand

Sugarcane Ethanol: 1.11

Sugarcane Ethanol: 3.21

Palm biodiesel: 4.29

Palm biodiesel: 4.39

Hall et al. (1986)

Energy and
resource quality

Ethanol: 0.7 – 1.8

n/a

Goering and
Daughtery (1982)

Energy accounting
for eleven
vegetable oil fuel

Vegetable oil: 1.8 – 4.6

n/a

Sugarcane Ethanol: 1.04

Sugarcane Ethanol: 3.00

Palm biodiesel: 4.68

Palm biodiesel: 4.79

Studies

This study

4.3 Availability of Cropland Area Needed for Future Biofuels Production in Thailand
Given the increasing trend of alternative energy needs in Thailand, the Thai government
initiated the Alternative Energy Development Plan for the period of 2015-2036. The
objective of the plan was to promote domestic energy production and develop appropriate
renewable energy production that considered the appropriateness of the alternative energy
sources for the Thai economy and the sustainability of the community (DEDE, 2015). The
targets for production of bio-ethanol and biodiesel were determined as 11.30 and 14 million
liter per day for bio-ethanol and biodiesel, respectively, by 2036.
4.3.1 Comparing the Potential Biofuel Production to Biofuel Target in 2036
According to the biofuel targets for Thailand, the annual amounts are 4,124 and 5,110
million liters for bio-ethanol and biodiesel, respectively, by 2036. Based on the optimum
cropland areas which were 623,000 and 728,000 ha for sugarcane and palm oil,
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respectively, the amount of bio-ethanol and biodiesel can be determined by using the
conversion factor of 70 and 158 liters biofuel per ton feedstock for sugarcane and palm oil,
respectively, as shown in Appendix E (Silalertruksa, 2010). The amount of bio-ethanol
from sugarcane based on the modeling results was 2,914 million liters, while the amount
of biodiesel from palm oil was 2,138 million liters. The annual amount in each region are
shown in Table 4.12.
Table 4.13: Potential of Biofuel Production based on the Optimum Cropland Area

Crop
Sugarcane

Palm oil

Region

Area for
Biofuel (Ha)

crop yield
(Tonne/Ha)

Conversion factor
(Liter biofuel/ton
feedstock)

Potential
biofuel (Million
liter)

North

147,376

68.21

703

Northeast

302,869

66.45

Central

172,750

66.36

Total

622,996

North

0.00

6.12

Northeast

0.00

8.04

Central

0.00

15.09

0

South

728,260

18.58

2,138

Total

728,260

70

802
2,914
0
158

Source: Silalertruksa, 2010

Comparing the potential of biofuel (in liters) from the model outcomes with the biofuel
targets of 2036, the optimum cropland area cannot produce enough feedstock for either
bio-ethanol or biodiesel to achieve the target set for 2036. In the case of sugarcane bioethanol, the target was set at 4,125 million liters by 2036, while the potential for production
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1,409

0

2,138

based on the model’s outcome for cropland area that could be devoted to biofuel was
approximately 2,914 million liters. Similarly, for palm oil biodiesel, the potential
production based on the model’s prediction of cropland area was approximately 2,138
million liters, which is only half of the target of 5,110 million liters. The details are shown
in Table 4.13.
Table 4.14: Potential and Target of 2036 for Bio-ethanol and Biodiesel
Biofuel feedstocks

Biofuel target of 2036
(million liters)

Potential of biofuel in Thailand
from the model (million liters)

Bio-ethanol
(Sugarcane)

4,125

2,914

Biodiesel
(Palm oil)

5,110

2,138

Source: DEDE, 2015

The results of this study are supported by those of Silalertruksa (2010) who indicated that
only a dramatic improvement in crop yield could meet the demand of bio-ethanol in
Thailand with the supply of molasses, cassava and sugarcane. However, Silalertruksa
(2010) predicted that the bio-ethanol production in Thailand could meet the demand if
those improvements in biofuel crop yield occur, and if bio-ethanol production from
agricultural residues was implemented.
Also, the results of this study are in alignment with Silalertruksa (2010) who indicated that
increasing productivity and new planting for palm oil were important measures needed to
solve the shortage of palm oil feedstock. However, there are some concerns about growing
palm oil due to deforestation. The World Wildlife Fund (2018) presented the negative
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impact of palm oil plantations. The deforestation and GHG emissions were the major
concerns. In the WWF study, when demand of biodiesel increased, the amount of palm oil
production, which is the potential feedstock for biodiesel, also increased. The situation
resulted in deforestation due to the need to clear land area to grow palm oil. Mukherjee and
Sovacool (2014) reported on the environmental impact of biodiesel production from palm
oil in Indonesia. Their results showed that Indonesia has the highest deforestation rate in
the world. Also, approximately 25 percent of the area used to grow feedstock for palm oil
in Indonesia was located on peat soils which resulted in increased GHG emissions
(Mukherjee and Sovacool, 2014). Silalertruksa (2010) suggested that jatropha could be a
feedstock for biodiesel as another strategy to avoid the shortage of palm oil biodiesel in the
future. However, there are also concerns about the environmental impact of planting
jatropha for biofuel.
4.3.2 Potential Biofuel Production from Crop Residue
Other than biofuel from the crop itself, crop residues can be used as biofuel feedstock.
Bioenergy from agricultural residues can provide additional benefits such as reducing
greenhouse gas emissions (direct and indirect) and water consumption, increasing food
security and protecting biodiversity (Searchinger et al., 2008). From the modeling results
discussed previously (section 4.1.2), total crop residues from sugarcane, cassava, and palm
oil were estimated and can be converted into both bio-ethanol and biodiesel. In the case of
bio-ethanol, a conversion factor of 205 liter per dry tonne can be applied; and in the case
of biodiesel, a conversion factor of 137.5 liter per dry tonne can be applied for
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the thermochemical syngas-to-diesel approach using the Fischer-Tropsch process (Kumar
et al., 2013). The details are shown in Table 4.14.
Table 4.15: Conversion Factor of Crop Residues for Bio-ethanol and Biodiesel
Conversion factor* (liter per dry tonne)
Biofuel

Bio-ethanol

Biochemical enzymatic
hydrolysis ethanol
average

Range

205

110-300

Thermochemical syngas-to-diesel
using the Fischer-Tropsch process

Biodiesel

average

Range

137.5

75-200

Source: *Kumar et al., 2013

Given the conversion factors to convert crop residue to both bio-ethanol and biodiesel, the
biofuel production can be estimated by crop by region based on the crop production from
the optimum cropland allocation. The estimated total crop residues from sugarcane,
cassava, and palm oil were approximately 111 million tonne. Of this amount, crop residue
from sugarcane and cassava were estimated at approximately 63 and 4 million tonne,
respectively, while palm oil provided residues of approximately 45 million tonne. The
details are shown in Table 4.15.

69

Table 4.16: Estimated Crop Residue by Crop by Region
Region

Optimum
cropland area (ha)

Total crop products
(million tonne)

Crop residue
(million tonne)

North

495,008

34

15

Northeast

1,017,278

68

30

Central

580,232

39

17

Total

2,092,517

140

63

North

35,589

0.79

0.43

Northeast

283,888

6.30

3.40

Central

14,187

0.31

0.17

Total

333,664

7.41

4.00

Palm oil
South
(for food and
Total
biofuel)
Total in Overall

809,235

15

45

809,235

15

45

Crop

Sugarcane
(for food and
biofuel)

Cassava
(for food)

111

Considering all residues (100 percent), the crop residues from sugarcane and cassava can
produce bio-ethanol estimated at approximately 12,902 and 820 million liters per year,
respectively. In the case of palm oil, the crop residues can produce biodiesel estimated at
approximately 6,119 million liters. The overall amount of biofuel production from all
residue of sugarcane, cassava and palm oil was approximately 19,841 million liters.
Kumar et al. (2013) demonstrated that 80% of crop residues in Thailand were beneficially
used for many purposes such as soil quality improvement, animal food, domestic fuel etc.
In their study, they assumed that about 20% of crop residue could be used for biofuel
production. Therefore, in my study, 20% for crop residue was used to estimate biofuel
production, which resulted in approximately 2,580 million liters from sugarcane and 164
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million liters from cassava, while the crop residues of palm oil were estimated to produce
biodiesel of approximately 1,224 million liters. The details are shown in Table 4.16.

Table 4.17: Biofuel Production from Crop Residue by Crop by Region in Different
Scenarios of Crop Residue Use

Crop

Region

Crop residue
(million tonne)

Convert to bio-ethanol or biodiesel
(million liters) in different rate of using
100% rate

20% rate

North

15

3,115

623

Northeast

30

6,236

1247

Central

17

3,552

710

Total

63

12,902

2,580

North

0.43

88

18

Northeast

3.40

698

140

Central

0.17

34

7

Total

4.00

820

164

South

45

6,119

1,224

Total

45

6,119

1,224

111

19,841

3,968

Sugarcane

Cassava

Palm oil
Overall

Compared to the biofuel targets from Alternative Energy Development Plan for the period
of 2015-2036, neither bio-ethanol nor biodiesel production can achieve the target of 2036.
However, if the crop feedstock and all residues (100%) were included, the bio-ethanol and
biodiesel production would be approximately 16,845 and 8,419 million liters, respectively,
which could meet the biofuel targets in 2036. The potential of bio-ethanol production from
crops and their residue was higher by approximately 400 percent of the target in 2036,
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while biodiesel production with residue was higher by approximately 160 percent of its
target in 2036. In the case of using only 20% of the residue for biofuel production, bioethanol and biodiesel production was estimated at approximately 5,867 and 3,524 million
liters, respectively. The amount of bio-ethanol production from the 20% scenario would
also exceed the biofuel target in 2036 by 140% while the biodiesel production from this
scenario provided approximately 69% of its target in 2036. The details are shown in Table
4.17 and Figure 4.5. This study did not take into account energy losses during processing
or energy used to produce the biofuel from the residues, so it can be anticipated that the net
energy from adding crop residues will be lower than these estimates.

Table 4.18: Potential of Biofuel Annual Production from Crop Residues
Potential of biofuel production (million liters)
Biofuel type

Biofuel Target in
2036 (million liters)

Crop
feedstock

Including 100%
of residues

Including 20%
of residues

bio-ethanol

3,123

16,845

5,867

4,125

biodiesel

2,300

8,419

3,524

5,110

Total

5,423

25,264

9,391

9,235
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18,000
16,000
14,000

million liter

12,000
10,000
8,000
6,000
4,000
2,000
0
Crop feedstock

Including 100% of
residues
bio-ethanol

Including 20% of
residues

Biofuel Target in 2036

biodiesel

Figure 4.5: Potential of Biofuel Production including Crop Residue

The crop residues are feedstock for biofuel energy that can increase the biofuel production
for crops without an increase in the cropland area. Other researchers agreed with using crop
residues for biofuel production. For example, Ajanovic (2011) studied how the increase of
biofuel production affected the price of agricultural products and included factors such as
land use and production yield. The results showed that increasing biofuel production did
not impact the feedstock price. The results might be construed that there is no biofuel and
food competition. However, Ajanovic (2011) indicated that the competition between
biofuel and food may not occur if crop residues were used for biofuel production.
Kumar et al. (2013) estimated the potential for ethanol production from agricultural
residues in Thailand. Their research found that the ethanol production from crop residue
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ranged from 1.14-3.12 billion liters per year which could replace 25.1% - 68.5% for
transportation fuel of the country. For biodiesel, 0.8-2.1 billion liters per year can be
produced from crop residues, which could replace 5.7%-15.1% for diesel engine
utilization. These estimations were consistent with estimates calculated by the Department
of Alternative Energy Development and Efficiency (DEDE) of Thailand which were 6-10
million liters per day (or 2.19-3.65 billion liters per year) for ethanol and 4-5 million liters
per day for biodiesel (or 1.46-1.83 billion liters per year) (Sutabutr et al., 2010). However,
Kumar et al. (2013) suggested that using higher amounts of agriculture residues could
result in competition with other uses for the residues such as animal food and household
fuel in rural areas (Kumar et al., 2013). In addition, biofuel production from agricultural
residues cannot be successful without the support from the government. Also, the
economics of biofuel production from residues represents challenges for developers using
residues. The costs of developing the new technologies needed for converting the cellulosic
residues to biofuels are high. There are also costs associated with the harvesting,
transporting, storing, and refining (Go et al., 2019). Considering the costs and benefits, the
biofuel crop production from crop residues currently is not economically attractive enough
for the biofuel developers.
4.3.3 Policy Recommendation
4.3.3.1 Increasing Productivity of Biofuel Crops
The higher the crop yield, the more energy return per hectare of land. In the case of sugarcane,
many countries in South America that are also located in a tropical zone like Thailand have
higher productivity of feedstocks and production of biofuels than Thailand. For example, in
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2016, sugarcane productivity in Guatemala and Colombia were 129.05 and 88.87 tonne/ha,
respectively (Office of Agricultural Economics, 2017). Sugarcane in Guatemala has almost
two times the yield than reported for Thailand (66 – 68 tonne/ha in 2016) (Office of
Agricultural Economics, 2017). Many researchers have investigated how to increase
sugarcane productivity. Good management practices in irrigation, chemical fertilizer
application, and farm size positively affect crop yields. For example, Tukaew et al. (2015)
found following good management practices increased yield by approximately 82 percent
for sugarcane. In India, advanced technologies such as selective breeding of cultivars,
planting innovations, irrigation, fertigation, integrated weed management etc. were applied
to sugarcane to improve crop productivity (Sundara, 2011). However, Hongthong and
Patanothai (2017) stated that using only the general good agricultural practice will not
improve crop yields in sugarcane. In order to improve yields, appropriate management needs
to be combined with good agricultural practices. Management practices designed for each
individual crop area have to be initiated though participatory techniques that depends on
the practice and culture of farming in each area. For Thailand, the Minister of Agriculture
and Cooperatives initiated “Good Agricultural Practices” for increasing sugarcane crop
yield that introduced requirements and inspection methods that included planting area, use
of pesticides, pre-harvest management, harvest and post-harvest management etc.
(National Bureau of Agricultural Commodity and Food Standards., 2010).
With respect to biodiesel, many countries have higher crop yields for palm oil than
Thailand. For example, the Office of Agricultural Economics (2017) reported palm oil
productivity in 2016 for Colombia and Cameroon were approximately 20.4 and 18.5
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tonne/ha, respectively, while the yield of palm oil in Thailand was approximately 17.95
tonne/ha in the same year. Currently, innovation in crop breeding and genetic engineering
are used to improve the productivity of palm oil yield and produce good quality palm oil
(Barcelos et al., 2015). Farming management also can affect the crop yield of palm oil.
Research by Zabid et al. (2018) focused on the problem of aging oil palm crops which
negatively affects the productivity of palm oil in Malaysia. A system dynamics model for
planting oil palm trees was applied that showed replanting plans and good agricultural
practices can improve crop productivity (Zabid et. al., 2018). In the case of Thailand, the
Minister of Agriculture and Cooperatives initiated Good Agricultural Practices similar to
the campaign for palm oil in order to increase the nation’s palm oil yield (National Bureau
of Agricultural Commodity and Food Standards., 2011). In addition, the Thai government
has promoted growing palm oil in other regions of Thailand, beyond the Southern region
where palm oil agriculture is well established. Planting palm oil in the Northeastern region
was studied by applying Good Agricultural Practices (GAP) (Somnuek and Slingerland,
2 0 1 8 ). The constraint in terms of soil quality and weather conditions in the Northeastern
region can be solved with GAP including irrigation and fertilizers. However, an economic
return and the impact of using more fertilizer are the challenges that need further study
(Somnuek and Slingerland, 2018).
In addition, land use change that adds new agricultural land releases greenhouse gases.
Land that contains a high amount of carbon such as forest, wetlands, and natural grasslands
can affect climate change greatly compared to climate change mitigation using biofuels
(German Advisory Council on Global Change, 2010). Silalertruksa et al. (2009) used LCA
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to evaluate the environmental impact from the possible future land use changes and GHG
emission when the biofuel feedstock demand increased. They found that land use change
was the key factor that generated the GHG emission at approximately 58-60 percent. So,
rather than expand the agricultural cropland, a more appropriate practice would be to gain
production yield for biofuel feedstock.
4.3.3.2 Other Types of Biofuel Crop to Grow
There are other biofuel crops in Thailand beyond the ones considered for the optimization
modeling used in this study. Some of these alternatives include corn, soybean, sunflower,
sesame as well as others. For biodiesel, jatropha is a tropical crop that has been introduced
as a potential energy crop in some countries. Jatropha can grow on currently barren land
(Prueksakorn et al., 2010). Parawira (2010) indicated that jatropha can produce about 3040 percent oil by weight with higher oil per ha than soybean, peanut and sunflower.
However, there is an environmental impact in terms of high energy inputs and waste
emissions that must be a concern for jatropha farming (Sampattagul et. al., 2009).
With respect to bio-ethanol, crop residues are recognized as a raw material to produce
bio-ethanol. Kim and Dale (2004) studied the global potential for bio-ethanol production
from wasted crops and crop residues. They indicated that the world produced
approximately 73.9 million tonne of crop residue in the period of 1997 to 2001, which
equates to about 49.1 giga liter per year of bio-ethanol. Kumar et al. (2013) estimated that
in Thailand, 10.4 million tonne of agricultural crop residue was produced in 2010.
The estimated amount of residue for Thailand can produce 1.14 – 3.12 billion liter per year
of bio-ethanol (Kumar et al., 2013). On the other hand, the same amount of crop residue
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can also produce biodiesel via the Fischer-Tropsch process estimated at about 0.8 – 2.1
billion liter per year (Kumar et al., 2013).
4.3.3.3 Sustainability for biofuel crops
In order to protect the environment as well as manage a successful biofuel plantation, a
voluntary sustainability standard should be introduced to all biofuel crop farmers. For
example, Bonsucro is a global initiative that aims to reduce the environmental and social
impacts of sugarcane production as well as to maintain its economics. The principles of
Bonsucro rely on respect for law, regulations, and human rights; management of input,
production and processing efficiencies for sustainability, promotion of biodiversity and
ecosystem services, and improvement of business capability (Bonsucro the Global
Sugarcane Platform, 2016). Smith et al. (2019) found that Bonsucro environmental
standards can reduce sugarcane production area, irrigation water use, nutrient loading, and
greenhouse gas emissions from cultivation.
Similarly, for palm oil, the Roundtable on Sustainable Palm Oil (RSPO) was established
in 2004 in order to promote the growth and use of sustainable oil palm products. Its seven
principles for growers to be certified include ethically and transparent behavior; legal
operations that respect rights; optimization among productivity, efficiency, positive
impacts and resilience; concern for community and human rights; support for small
landholders; concern for workers’ rights; and concern for the environment and ecosystems
(Roundtable on Sustainable Palm oil (RSPO), 2018).
Thailand should promote the use of the available voluntary sustainability guidelines (e.g.,
Bonsucro and RSPO) at the local level. Capacity building activities regarding best practices
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should be continuously provided to the government agricultural officers as well as the
farmers. Some of the data used in this model were from the national level as well as the
regional level so, although the results were by region, it would be difficult to spatially
specify where the selected crop should be planted. So, a geo-spatial map may not be useful
for this study. In the future, information at the province level should be collected. It will be
helpful for biofuel planning in terms of land use so that these data can be used in geospatial mapping.
4.4 Sensitivity Analysis
In a sensitivity analysis to understand uncertainties of the optimization modeling, two
parameters were considered for the energy content of the selected crop types in each region,
and the land area needed for the target crop to produce food and feed. In the sensitivity
analysis the energy content in the objective function and the land area needed for human
food in the constraint function were varied.
4.4.1 Objective Function Sensitivity (Energy Content)
Crop yield of the selected crops will not be stable from year to year because of changes in
agricultural factors such as weather, the soil quality, water availability etc. These factors
will also affect the energy content, which is the parameter of the objective function. The
objective function sensitivity analysis explored how sensitive the results were to changes
in the energy content for sugarcane, cassava and palm oil in each region. The results
displayed in Figure 4.6 were based on a minimum, average (original value), and maximum
energy content.
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The results illustrate that the land area for palm oil in any region was not sensitive to energy
content, while the land areas of sugarcane in the Northern and Central regions, and cassava
in the Northeastern region were sensitive to energy content. Those areas in the Northern
and Central regions were predicted to decrease if the energy content was set at the
minimum value. Also, the land area of sugarcane in the Northeastern region, and cassava
in the Northern and Central regions were sensitive to energy content. Those areas were
predicted to increase if the energy content was set at the maximum value. The details are
shown in Figure 4.6.
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Figure 4.6: Summary of the Sensitivity of the Optimum Land Area for the Selected Crops
by Region to Energy Content
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The land areas (decreasing) that were sensitive to energy content set at the minimum
mentioned above were predicted to also produce results on other land area as follows.
For sugarcane in the Northern region, the optimum area decreased from 0.495 to 0.394
million ha. This case resulted in an increase of area allocation for sugarcane in Northeastern
region from 1.017 to 1.118 million ha and cassava in the Northern Region from 0.035 to
0.136 million ha, while area allocation for cassava in the Northeastern region decreased from
0.283 to 0.183 million ha.
For sugarcane in the Central region, the optimum area decreased from 0.580 to 0.479
million ha. This case resulted in an increase of area allocation for sugarcane in the
Northeastern region from 1.017 to 1.118 and cassava in the Central region from 0.014 to
0.115 million ha, while area allocation of cassava in the Northeastern region decreased
from 0.283 to 0.183 million ha.
For cassava in the Northeastern region, the optimum area decreased from 0.283 to 0.183
million ha. This case resulted in an increase of area allocation for cassava in the Central
region from 0.014 to 0.115 million ha and sugarcane in Northeastern from 1.017 to 1.118
million ha, while area allocation for sugarcane in Central region decreased from 0.580 to
0.479 million ha.
In addition, the land areas (increasing) that were sensitive to energy content at a maximum
mentioned above were predicted to affect other land area as follows.
For sugarcane in the Northeastern region, the optimum area increased from 1.017 to 1.118
million ha. This case resulted in a decrease of area allocation for sugarcane in the Central
and cassava in the Northeastern region from 0.580 to 0.479 and 0.283 to 0.183 million ha.,
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respectively, while area allocation for cassava in Central region increased from 0.014 to
0.115 million ha.
For cassava in the Northern region, the optimum area increased from 0.036 to 0.136 million
ha. This case resulted in a decrease of area allocation for sugarcane in the Northern region
from 0.495 to 0.394 and cassava in the Northeastern region 0.284 to 0.183 million ha, while
area allocation for sugarcane in the Northeastern region increased from 1.017 to 1.118
million ha.
For cassava in the Central region, the optimum area increased from 0.014 to 0.115 million
ha. This case resulted in a decrease of area allocation for sugarcane in the Central region
from 0.580 to 0.479 and cassava in the Northeastern region from 0.284 to 0.183 million ha,
while area allocation for sugarcane in the Northeastern region increased from 1.017 to
1.118 million ha. The details are shown in Table 4.18.
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Table 4.19: Summary of the Effect on the Sensitivity of the Optimum Land Area to Energy
Content at Minimum and Maximum
Sensitive to Energy Content at
Crops

Region

Other land areas affected
Minimum

Northern

Sugarcane Northeastern

Yes
(decrease)

No

No

Yes
(increase)

sugarcane in Northeastern (increase)
cassava in Northern (increase)
cassava in Northeast (decrease)
sugarcane in Central (decrease)
cassava in Northeastern (decrease)
cassava in Central (increase)

Yes
(decrease)

No

sugarcane in Northeastern (increase)
cassava in Central (increase)
cassava in Northeastern (decrease)

Northern

No

Yes
(increase)

sugarcane in Northern (decrease)
cassava in Northeastern (decrease)
sugarcane in Northeastern (increase)

Northeastern

Yes
(decrease)

No

sugarcane in Central (decrease)
sugarcane in Northeastern (increase)
cassava in Central (increase)

Central

No

Yes
(increase)

sugarcane in Central (decrease)
cassava in Northeastern (decrease)
sugarcane in Northeastern (increase)

Northern

No

No

Northeastern

No

No

Central

No

No

Southern

No

No

Central

Cassava

Maximum

Palm oil

Based on the findings of the sensitivity analysis, improvements to agricultural practices
that increases energy yield per area will affect the optimum land area requirements. The
results from the objective function sensitivity analysis showed that if the yield of sugarcane
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in the Northeastern region, cassava in the Northern and Northeastern regions, is improved,
then farmers will be interested in growing those biofuel crops.
4.4.2 Constraint Sensitivity (Cropland Area for Food and Feed Consumption)
The amount of food for human consumption can be interpreted from the data of private
final consumption expenditures (Office of the National Economic and Social Development
Council; NESDC, 2019). It can be assumed that if people spend more money on food
consumption, it will be reflected in higher food demand. In each year, the expenditures for
food change due to many factors such as the amount of supply in the market, people’s
needs, the uncertainty of food prices, and more. Changing the amount of food and feed
needed is also related to the agricultural land area available to grow food crops, which was
one of parameters in the constraint function of the optimization model and will likely affect
the modeling results. The sensitivity analysis of the constraint function explored how
sensitive the results were to changes in the cropland area devoted to the demand for food
and feed consisting of sugarcane, cassava, and palm oil in each year. The results displayed
in Figure 4.7 were based on the minimum, current need, and maximum cropland area for
food and feed consumption.
The analysis illustrated the sensitivity of the optimum land area of the selected crop types
in each region to cropland area for human consumption. The optimum cropland area
allocation with maximum energy production was calculated from the average and current
value by varying the land area for human consumption of the target crop type by a 16 percent
increase and a 21 percent decrease from the average and fixing the remainder at their
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average current value. Note that, because of the limitation of data by region, the food and
feed consumption were varied in the overall country, not by region.
In Figure 4.7, the results show that sugarcane and palm oil in Thailand were not sensitive
to variations in the cropland area for food and feed at least for variations at the national
level. However, only cassava in the Northeastern region was sensitive to the changes in
cropland area for food and feed consumption. The cropland area of cassava in the
Northeastern region changed with the adjustments to the cropland for food and feed. The
results showed that the area of cassava in the Northeastern region decreased from 0.284 to
0.214 million ha when the food and feed land area decreased by 21 percent. This case
resulted in the area of sugarcane in the Northeastern region to increase from 1.017 to 1.087
million ha. On the other hand, the area of cassava in the Northeastern region increased from
0.283 to 0.337 million ha when the food and feed land area was increased by 16 percent.
Also, the area of sugarcane in the Northeastern region decreased from 1.017 to 0.964
million ha.
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Figure 4.7: Summary of the Sensitivity of the Optimum Land Area for the Target Crops
to Land Area for Food and Feed Consumption
From the results of the constraint sensitivity analysis for cropland area for food and feed,
the Northeastern region for cassava played an important role for biofuel production when
human consumption demand for cassava changes.
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CHAPTER FIVE
CONCLUSIONS

Biofuel energy is an alternative energy that reduces pressure on fossil fuel demand and can
provide benefits for the environment in terms of lower carbon emission. However, the main
biofuel feedstocks also serve as food for humans and feed for livestock, which both require
agricultural land that is limited. Areas for biofuel may compete with areas for food and
feed, which will likely lead to food and energy insecurity. This study addressed the problem
by balancing the allocation between food and feed areas with biofuel areas. The
optimization model used was an approach to determine the optimum potential land area of
Thailand for biofuel production without affecting the production of food and feed for
human and livestock consumption. The maximum energy production was calculated based
on constraints that did not diminish the land area devoted to food and feed.
The optimum cropland area and crop types in each region were obtained based on the
maximum energy production given the constraints. The total optimum land area was 3.24
million ha, divided between land for food energy and biofuel energy by 58 and 42
percentage, respectively. The optimum cropland area was allocated in all regions, except
the Southern region in the case of sugarcane and cassava. Also, the land area for palm oil
was only allocated in the Southern region. Considering the energy production for biofuel,
the optimum cropland was only allocated for sugarcane and palm oil but not for cassava.
The maximum energy production from the model was 3,476 PJ, of which 61 percent was
energy for food and 39 percent was energy for biofuel. In terms of energy return to land,
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the result was the value to illustrate the potential of land area for biofuel in Thailand. The
biofuel energy production per area of land from energy crops was 343 GJ/ha in the case of
the potential cultivated land area based on the existing cultivating for the selected crop.
In addition, the potential cultivated land based on the land suitability was also set as
constraints in the model for Scenario 2. The results from Scenario 2 showed that the total
optimum land area increased to 3.95 million ha with 4,052 PJ of the total energy
production. Also, the land areas were allocated for cassava in the Northern and
Northeastern regions and for palm oil in the Central region. The biofuel energy production
per area of land from energy crops in Scenario 2 was 331 GJ/ha.
In addition, energy production from crop residues of selected crops was estimated based
on their crop-to-residue ratio and heating value. The total energy production from crop
residues was 897 PJ, which was about 73, 25 and 1 percent from residues of sugarcane,
palm oil, and cassava, respectively.
Energy inputs and output of the biofuel production were identified to evaluate the energy
efficiency of bio-ethanol production from sugarcane and biodiesel production from palm
oil. The Net Energy Ratio (NER) and Fossil Energy Ratio (FER) were calculated based on
the area of a hectare. The differences in NER and FER depended on various factors such
as farming practices, raw material transportation, fuel used in the process, technology of
biofuels conversion and management practices. NER and FER of the potential area in the
production of sugarcane bio-ethanol were 1.04 and 3.01, respectively, while NER and FER
in the production of palm oil biodiesel were 4.81 and 4.92, respectively. Both ratios of
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sugarcane ethanol and palm oil biodiesel, except NER of sugarcane ethanol, were greater
than 1 which indicated the energy gain.
However, there are many uncertainties that may affect energy production and land area
allocation. The results from the sensitivity analysis showed that the land area of sugarcane
in the Northern region, sugarcane in the Central region, and cassava in the Northeastern
region were sensitive to the energy content of the feedstocks considered. Those areas were
predicted to decrease if the energy content was at a minimum. Also, sugarcane in the
Northeastern region, cassava in the Northern region, and cassava in the Central region were
sensitive to an energy content at maximum value.
Only the land areas of cassava in the Northeastern region were sensitive to the land area
for food and feed consumption. The land areas for the biofuels were predicted to decrease
if the land area for food and feed was set at a minimum. Also, the biofuel land area
increased when the land area for food and feed increased.
The Alternative Energy Development Plan set biofuel targets for Thailand in the period of
2015-2036 as 4,124 and 5,110 million liters annually of bio-ethanol and biodiesel,
respectively in 2036. To compare with this target, the amount of biofuel energy for the
model was converted into the volumes of bio-ethanol and biodiesel, which were
approximately 3,123 and 2,300 million liters, respectively. These volumes represent about
76 and 45 percentage of biofuel target set for 2036 for bio-ethanol and biodiesel,
respectively. There is a gap that requires more biofuel feedstock to achieve the target in
2036.
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However, crop residues have the potential to solve this problem. Based on the optimum
cropland area, the crop residue from selected crops were investigated by using a crop-toresidue ratio and conversion factors (liter per dry tonne of residue), which corresponded to
the processes of biochemical enzymatic hydrolysis for bio-ethanol and Fischer-Tropsch for
biodiesel. The volumes of biofuel production including crop residue were 16,845 million
liters for bio-ethanol, and 8,419 million liters for biodiesel. These amounts will meet the
target of bio-ethanol and biodiesel in 2036. When considering other purposes of crop
residue, 20% of crop residue was allocated for biofuel. The bio-ethanol was approximately
5,867 million liter which meet the target in 2036, but biodiesel was approximately 3,524
million liter which cannot meet the target in 2036. However, the Thai government needs
to support the use of crop residue for biofuel, in terms of technology research and economic
support, along with increasing productivity of biofuel crop and discovering other potential
biofuel crops to plant.
The optimization model proved to be a method that could offer a potential solution to the
problem of resource allocation and identify different options for policy makers. In order to
obtain more efficiency information for policy makers, the objective in terms of economic
return should be studied in the future
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Appendix A
Crop Yield for Selected Crops by Regions

Crops

Average Crop Yield
(2014 – 2016)

Region

Range

(Ton/Ha)
Sugarcane

Cassava

Palm oil

North

68.21

63.77 – 73.79

Northeast

66.45

62.95 – 71.21

Central

66.36

60.91 – 75.26

South

-

-

National

66.79

North

22.32

17.76 – 24.25

Northeast

22.20

17.93 – 25.50

Central

21.70

19.33 – 27.11

South

-

-

National

22.10

North

6.12

2.61 – 14.28

Northeast

8.04

2.42 – 11.52

Central

15.09

4.70 – 20.02

South

18.58

8.89 – 20.22

National

17.95

Source: OAE, 2016, 0AE, 2015, and OAE, 2014
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Appendix B
High Heating Value (HHV) with Residues for Selected Crops by Regions

Crops

High Heating Value (HHV)
with residues (MJ/kg)

Sugarcane a

19

Cassava b

26.87

Palm oil c

40

Source:

a, c

Miller, 2010
Silalertruka, 2010

b
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Appendix C
Composition of Private Final Consumption Expenditure at Current Market Prices

Items
Food and non-alcoholic
Food
Non-alcoholic beverages
Alcoholic beverages,
tobacco and narcotic
Clothing and footwear
Housing, water,
electricity, gas and other
fuels
Furnishings, households
equipment and routine
maintenance of the house
Health
Transport
Communication
Recreation and culture
Education
Restaurants and hotels
Miscellaneous goods and
services
Individual consumption
expenditure of non-profit
institutions serving
households (NPISHs)
Private final
consumption expenditure
in the domestic market

Individual consumption expenditure of households (Million Dollars)
2017

2008
43,801
38,239
5,563

2009
44,316
38,449
5,867

2010
49,678
43,171
6,508

2011
53,951
47,284
6,666

2012
56,551
49,005
7,545

2013
58,474
50,521
7,954

2014
60,320
52,179
8,140

2015
61,710
53,462
8,249

2016
64,122
55,765
8,356

7,613

7,274

7,346

7,358

7,811

8,000

8,276

8,454

8,809

8,976

10,053

9,500

9,738

10,297

10,536

10,422

10,436

10,939

11,511

11,798

15,687

15,982

16,927

17,475

19,386

20,192

21,482

22,466

22,982

24,018

7,559

7,194

8,064

8,860

9,612

9,631

9,961

10,404

10,430

10,649

7,175
26,260
4,439
8,689
2,630
20,645

7,046
25,152
3,930
7,945
2,753
20,506

8,006
29,944
4,098
8,809
2,756
22,892

9,269
31,722
4,345
9,743
2,780
26,149

9,700
38,672
4,690
11,295
2,770
29,945

10,293
39,590
4,849
12,250
2,950
34,487

10,746
35,333
4,889
12,116
2,983
36,386

11,206
33,350
5,067
12,368
3,168
41,525

11,814
33,482
5,167
14,169
3,264
44,528

12,226
37,537
5,475
15,332
3,421
50,418

16,893

17,356

18,215

20,428

22,993

25,443

27,839

30,280

32,064

33,684

2,807

3,042

3,174

3,511

3,817

4,127

4,508

4,523

4,561

4,760

174,252

171,995

189,649

205,888

227,777

240,709

245,274

255,460

266,903

283,118

Source: NESDC, 2019
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64,825
56,387
8,438

Appendix D
Cropland area for Selected Crops by Regions

Regions

Average 3 years (Ha)
Sugarcane

Cassava

Palm oil

Total area by
region

North

399,946

326,097

11,966

738,009

Northeast

672,784

766,112

19,578

1,458,473

Central

437,984

380,356

77,838

896,178

South

-

-

675,002

675,002

Total

1,510,714

1,472,565

784,384

3,767,663
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Appendix E
Conversion Efficiency of Biofuel Production

Conversion Efficiency (Liter biofuel/ton feedstock)
Feedstocks
Average

Rang

Sugarcane

75

70 - 80

Cassava

174

167 - 180

Palm oil

170

158 - 182

Source: Silalertruksa, 2010

96

REFERENCES

Ajanovic, A. 2011. Biofuels versus Food Production: Does Biofuel Production Increase
Food Prices? Energy 36: 2070-2076.
Asafu-Adjaye, J., and S. Wianwiwat. 2012. A CGE Approach to the Analysis of Biofuels
for Promoting Energy Self-sufficiency and Security Policy in Thailand –
Methodology. Procedia Engineering 49: 357 – 372.
Barcelos E., S.A. Rios, R. N. V. Cunha, R. Lopes, S. Y. Motoike, E. Babiychuk, A.
Skirycz, and S. K. 2015. Oil Palm Natural Diversity and the Potential for Yield
Improvement. Front Plant Sci. 6: 190.
Bessou, C., F. Ferchaud, B. Gabrielle, B. Mary. 2011. Biofuels, Greenhouse Gases and
Climate Change A Review. Agronomy for Sustainable Development 31 (1): 1-79.
Breierova, L., M. Choudhari. 2001. An Introduction to Sensitivity Analysis. Prepared for
the MIT System Dynamics in Education Project. Massachusetts Institute of
Technology. 67 pp.
Chanthunyagarn S., S. Garivait and S. H. Gheewala. 2004. Bioenergy Atlas of
Agricultural Residues in Thailand. Available online: https://www.academia.edu/
26275663/Bioenergy_Atlas_of_Agricultural_Residues_in_Thailand
Cobuloglu, H. I., I. E. Büyüktahtakın. 2015. Food vs. Biofuel: An Optimization Approach
to the Spatio-Temporal Analysis of Land-use Competition and Environmental
Impacts. Applied Energy 140: 418–434.

97

Demirbaş, A. 2001. Biomass Resource Facilities and Biomass Conversion Processing for
Fuels and Chemicals. Energy Conversion and Management 42(11): 1357-1378.
Department of Alternative Energy Development and Efficiency (DEDE). 2012.
Developing of Biomass Database Potential in Thailand (in Thai). Available
online: http://weben.dede.go.th/webmax/content/biomass-database-potentialthailand
Department of Alternative Energy Development and Efficiency (DEDE). 2015. The
Alternative Energy Development Plan in the Period of 2 0 1 5 - 2 0 3 6 . Available
online: http://www.eppo.go.th/images/POLICY/ENG/AEDP2015ENG.pdf
Department of Alternative Energy Development and Efficiency (DEDE), Thailand. 2017.
Thailand Alternative Energy Situation 2017. Available online: http://www.dede.go.th/
download/state_61/Thailand%20Alternative%20Energy%20Situation%202017.pdf
Elobeid, A., M. Carriquiry, J. Dumortier, F. Rosas, K. Mulik, J. Fabiosa, D. Hayes, and
B. Babcock. 2013. Biofuel Expansion, Fertilizer Use, and GHG Emissions:
Unintended Consequences of Mitigation Policies. Economic Research International
volume 2013, Article ID 708604.
Energy Policy and Planning Office (EPPO) Thailand. 2018. Energy Statistics of Thailand
2018. Available online: https://drive.google.com/file/d/1 WcNsEWr9 3 CmhqQp
MJMVbdHRNaQVwr_d4/view
Ewing M., S. Msangi. 2009. Biofuels Production in Developing Countries: Assessing
Tradeoffs in Welfare and Food Security. Environmental Science & Policy 12: 520-528.

98

Food and Agriculture Organization of the United Nation (FAO). 2008. The State of Food
and Agriculture 2008 BIOFUELS: prospects, risks and opportunities. Available
online: http://www.fao.org/publications/sofa/2008/en/
Food and Agriculture Organization (FAO). 2009. Global Agriculture Towards 2050.
High Level Expert Forum - How to Feed the World in 2050. Available online:
http://www.fao.org/fileadmin/templates/wsfs/docs/Issues_papers/HLEF2050_Glo
bal_Agriculture.pdf.
Food and Agriculture Organization (FAO) 2017. Food Balance Sheet for 2011-2013.
FAOSTAT. Available online: http://www.fao.org/faostat/en/#data/FBS.
Garivait, S., U. Chaiyo, S. Patumsawad, and J. Deakhuntod. 2013. Fuel Characteristics of
Agricultural Residues in Thailand. Energy Sources 35: 826–830.
German Advisory Council on Global Change. 2010. Future Bioenergy and Sustainable
Land Use, Earthscan, London.
Gheewala, S., B. Damen, X. Shi. 2013. Biofuels: Economic, Environmental and Social
Benefits and Costs for Developing Countries in Asia. Wiley Interdisciplinary
Reviews: Climate Change (Q1), 4(6):497-511.
Gheewala, S. H., T. Silalertraksa, P. Nilsalab, R. Mungkung, S. R. Perret, N.
Chaiyawannakarn. 2013. Implications of the Biofuel Policy Mandate in Thailand on
Water: The Case of Bioethanol. Bioresource Technology 150: 457-465.
Gnansounou, E. 2011. Assessing the Sustainability of Biofuels: A Logic-Based Model.
Energy 36: 2089 – 2096.

99

Goering, C.E. and M.J. Daughtery. 1982. Energy Accounting for Eleven Vegetable Oil
Fuels. Transactions of the American Society of Agricultural Engineers 25:12091215.
Government Open Data Licence-India. 2019. Private Final Consumption Expenditure.
Available online: https://data.gov.in/keywords/private-final-consumptionexpenditure.
Hadar, Y. 2013. Sources for Lignocellulosic Raw Materials for the Production of Ethanol.
Lignocellulose Conversion. V. Faraco (ed.). 199 pp.
Hall, C.A.S., C.J. Cleveland and R. Kaufmann. 1986. Energy and Resource Quality: The
Ecology of the Economic Process. John Wiley, New York.
Hattori, T., and S. Morita. 2010. Energy Crops for Sustainable Bioethanol Production;
Which, Where and How?, Plant Production Science 13(3): 221-234.
Havlık, P. , U. A. Schneider , E. Schmid, H. Bottcher, S. Fritz, R. Skalsky, K. Aoki, S.
De Cara, G. Kindermann, F. Kraxner, S. Leduc, I. McCallum, A. Mosnier, T.
Sauer, M. Obersteiner . 2011. Global Land-Use Implications of First and Second
Generation Biofuel Targets. Energy Policy. 39: 5690-5702.
International Energy Agency (IEA). 2010. Sustainable Production of Second-Generation
Biofuels.

Available

online:

http://www.iea.org/publications/freepublications/

publication/second_generation_biofuels.pdf
Jaeger, W. K. and T. M. Egelkraut. 2011. Biofuel Economics in a Setting of Multiple
Objectives and Unintended Consequences. Renewable and Sustainable Energy
Review 15(9): 4320-4333.

100

Karekezi, S., K. Lata, S. T. Coelho. 2004. Traditional Biomass Energy: Improving its Use
and Moving to Modern Energy Use. International Conference for Renewable
Energies, Bonn 2004. Available online: http://www.ren21.net/Portals/0/documents/
irecs/renew2004/Traditional%20Biomass%20Energy.pdf.
Kim, S., B. E. Dale. 2004. Global Potential Bioethanol Production from Wasted Crops
and Crop Residues. Biomass and Bioenergy 26: 361–375.
Kumar, S., P. A. Salam, P. Shrestha and E. K. Ackom. 2013. An Assessment of
Thailand’s Biofuel Development. Sustainability 5: 1577-1597.
LINDO Systems Inc. 2018. LINGO The Modeling Language and Optimizer. Chicago,
Illinois Available online: https://www.lindo.com/downloads/PDF/LINGO.pdf.
Lynd, L., X. Liang, M. J. Biddy, A. Allee, H. Cai, T. Foust, M. E. Himmel, M. S. Laser,
M. Wang, C. E. Wyman. 2017. Cellulosic Ethanol: Status and Innovation. Current
Opinion in Biotechnology 45: 202-211.
Miller, S. A. 2010. Minimizing Land Use and Nitrogen Intensity of Bioenergy.
Environmental Science and Technology 44: 3932-3940.
Ministry of Agriculture and cooperatives. 2013. The Potential Cropland Area Zone for
Rice, Cassava, Rubber, Palm Oil, Sugarcane, Corn (in Thai). Available online:
http://www.ldd.go.th/ NewsIndex/Zoning_Plant/Detail.pdf
Mohr, A., S. Raman. 2013. Lessons from First Generation Biofuels and Implications for
the Sustainability Appraisal of Second Generation Biofuels. Energy Policy 63:114122.

101

Mukherjee, I., B. K. Sovacool. 2014. Palm Oil-Based Biofuels and Sustainability in
Southeast Asia: A Review of Indonesia, Malaysia, and Thailand. Renewable and
Sustainable Energy Reviews 37: 1–122.
Naik, S. N., V. V. Goud, P. K. Rout, A. K. Dalai. 2010. Production of First and Second
Generation Biofuels: A Comprehensive Review. Renewable and Sustainable
Energy Reviews 14: 578–597.
National Bureau of Agricultural Commodity and Food Standards. 2010. Good
Agricultural Practices for Sugarcane. Published in the Royal Gazette Vol.127
Section 131 D Special. Available online:
http://www.acfs.go.th/standard/download/eng/ GAP_sugarcane.pdf.
National Bureau of Agricultural Commodity and Food Standards. 2011. Good
Agricultural Practices for Oil Palm. Published in the Royal Gazette Vol.127
Section 147D. Available online: http://www.acfs.go.th/standard/download/
eng/GAP_oil_plam.pdf.
National Science Technology and Innovation Policy Office (STI). 2013. Thailand
Bioenergy Technology Status Report 2013. The Working Group for Bioenergy
Science Technology and Innovation Policy for Thailand in the Context of AEC.
Available online: http://www.sti.or.th/uploads/comtent_pdf/22_EN.pdf
Nwosu-Obieogu, K., L. I. Chiemenem, K. F. Adekunle. 2016. Utilization of Agricultural
Waste for Bioethanol Production- A Review. International Journal of Current
Research and Review 8(19): 1-5.

102

Office of Agricultural Economics, Thailand (OAE). 2011. Agricultural Statistics of
Thailand 2011. Office of Agricultural Economics. Available online:
http://www.oae.go.th/assets/portals/1/files/ebook/yearbook55.pdf
Office of Agricultural Economics, Thailand (OAE). 2013. Agricultural Statistics of
Thailand 2013. Office of Agricultural Economics. Available online:
http://www.oae.go.th/assets/portals/1/files/ebook/yearbook56.pdf
Office of Agricultural Economics, Thailand (OAE). 2016. Agricultural Statistics of
Thailand 2017. Office of Agricultural Economics. Available online:
http://www.oae.go.th/assets/portals/1/files/yearbook59.pdf
Office of Agricultural Economics, Thailand (OAE). 2017. Agricultural Statistics of
Thailand 2017. Office of Agricultural Economics. Available online:
http://www.oae.go.th/assets/portals/1/files/yearbook60.pdf
Office of Agricultural Economics, Thailand (OAE). 2018. Agricultural Statistics of
Thailand 2018. Office of Agricultural Economics. Available online:
http://www.oae.go.th/assets/portals/1/files/jounal/2562/yearbook2561-13-362.pdf.
Office of the National and Social Development Council (NESDC). 2019. Composition of
Private Final Consumption Expenditure at Current Market Prices. Available
online: https://www.nesdb.go.th/main.php?filename=national_account
Onabanjo, T., and G. D. Lorenzo. 2015. Energy Efficiency and Environmental Life Cycle
Assessment of Jatropha for Energy in Nigeria: A “Well-to-Wheel” Perspective.
ASME 2015 9th International Conference on Energy Sustainability. Available

103

online: https://www.researchgate.net/publication/301417890_Energy
_Efficiency_and_Environmental_Life_Cycle_Assessment_of_Jatropha_for_Energ
y_in_Nigeria_A_Well-to-Wheel_Perspective.
Papapostolou, C., E. Kondili , J. K. Kaldellis. 2011. Development and Implementation of
an Optimisation Model for Biofuels Supply Chain. Energy 36: 6019-6026.
Parawira, W. 2010. Biodiesel Production from Jatropha Curcas: A Review. Scientific
Research and Essays 5(14): 1796-1808.
Pradhan, A., D.S. Shrestha, A. McAloon, W. Yee, M. Haas, J.A. Duffield, H. Shapouri.
2009. Energy Life-Cycle Assessment of Soybean Biodiesel. United States
Department of Agriculture. Available online:
https://www.usda.gov/oce/reports/energy /ELCAofSoybean Biodiesel91409.pdf.
Prueksakorn, K., S. H.Gheewala, P. Malakul, S. Bonnet. 2010. Energy analysis of
Jatropha Plantation Systems for Biodiesel Production in Thailand. Energy for
Sustainable Development 14(1): 1-5.
Pumkaew, W. 2010. Determining the Global Maximum Biofuel Production Potential
without Conflicting with Food and Feed Consumption. Thesis. Clemson
University.
Saltelli, A., M. Ratto, T. Andres, F. Campolongo, J. Cariboni, D. Gatelli, M. Saisana, S.
Tarantola. 2008. Global Sensitivity Analysis. The Primer, John Wiley & Sons.
Sampattagul, S., C. Suttibut and T. Kiatsiriroat. 2009. LCA/LCC of Jatropha Biodiesel
Production in Thailand. International Journal of Renewable Energy 4(1): 33-42.

104

Salvatore, M., B. Damen. 2010. Bioenergy and Food Security: the BEFS Analysis for
Thailand. Environmental and Natural Resources Working Paper No.42 – FAO,
Rome, 2010.
Silalertruka, T. 2010. Sustainability Assessment of Biofuels for Transportation in
Thailand. The Joint Graduate School of Energy and Environment. King
Mongkut‘s University of Technology Thonburi.
Silalertruksa, T., S. H. Gheewala, K. Hunecke, U. R. Fritsche. 2012. Biofuels and
Employment Effect: Implications for Socio-Economic Development in Thailand.
Biomass and Bioenergy 46: 409-418.
Silalertruksa, T., S. H. Gheewala, M. Sagisaka. 2009. Impacts of Thai Bio-Ethanol Policy
Target on Land Use and Greenhouse Gas Emissions. Applied Energy 86: S170–
S177.
Silalertruksa, T., and S. H. Gheewala. 2009. Environmental Sustainability Assessment of
Bio-Ethanol Production in Thailand. Energy 34: 1933-1946.
Silalertruksa, T., S. H. Gheewala. 2010. Security of Feedstocks Supply for Future BioEthanol Production in Thailand. Energy Policy 38: 7476–7486.
Silalertruksa, T., S. H. Gheewala. 2012. Environmental Sustainability Assessment of
Palm Biodiesel Production in Thailand. Energy 43: 306-314.

105

Smith, W. K., E. Nelson, J. A. Johnson, S. Polasky, J. C. Milder, J. S. Gerber, P. C. West,
S. Siebert, K. A. Brauman, K. M. Carlson, M. Arbuthnot, J. P. Rozza, and D. N.
Pennington. 2019. Voluntary Sustainability Standards could Significantly Reduce
Detrimental Impacts of Global Agriculture. PNAS 116(6): 2130-2137.
Somnuek, S. and M. Slingerland. 2018. Can Good Agricultural Practices Sustain Oil
Palm Yields for Bioenergy Production in Northeast Thailand? Experimental
Agriculture 54(6): 915-930.
Su, Liu. 2015. An optimization model for land allocation between bioenergy crops and
grain crops and an optimization model for identifying the most vulnerable links in
a transportation network. Industrial Engineering. Iowa State University.
Sundara, B. 2011. Agrotechnologies to Enhance Sugarcane Productivity in India. Sugar
Tech 13(4): 281-298.
Sutabutr, T, A. Choosuk, P. Siriput. 2010. Thailand Renewable Energy Policies and
Wind Development Potentials. Department of Alternative Energy Development
and Efficiency, Ministry of Energy, Bangkok, Thailand.
Tukaew, S., A. Datta, G. P. Shivakoti, D. Jourdain. 2015. Production Practices Influenced
Yield and Commercial Cane Sugar Level of Contract Sugarcane Farmers in
Thailand. Sugar Tech 18(3): 299-308.
Ubolsook, A. 2010. Sustainable Energy Crops: An Analysis of Ethanol Production from
Cassava in Thailand. Dissertation. Utah State University. pp. 140.

106

United States Agency for International Development (USAID). 2009. Biofuels in Asia:
An Analysis of Sustainability Options. Available online:
https://www.cbd.int/doc/biofuel/USAID-biofuels-asia-2009-03.pdf
World Wildlife Fund (WWF). 2018. 8 Things to Know about Palm oil. Available online:
https://www.wwf.org.uk/updates/8-things-know-about-palm-oil.
Zabid, M. F. M., N. Z. Abidin, S. D. Applanaidu. 2018. Towards Improving Oil Palm
Fresh Fruit Bunches Yield in Malaysia: a System Dynamics Approach.
International Journal of Simulation and Process Modelling 13(2): 167.
Zah, R., H. Boni, M. Gauch, R. Hischier, M. Lehmann, P. Wager. 2007. Life Cycle
Assessment of Energy Products: Environmental Assessment of Biofuels. Empa
Technology and Society Lab.

107

